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ABSTRACT
The Arabidopsis SON1 F-box protein was implicated in regulating a pathogen defense
pathway, but its exact function in wild-type plants is unknown. As an F-box protein it
was predicted that SON1 would assembles into a SON1-SCF ubiquitin ligase complex
that recruits specific plant defense-related proteins for proteolysis. The yeast 2-hybrid
assay was used to screen for potential substrates for a putative SON1-SCF ligase, leading
to the identification of Arabidopsis LNK2 as a SON1-binding factor.
Comprehensive protein-protein interaction analysis has shown that the binding of SON1
to LNK2 protein is specific, because closely related, full-length Arabidopsis F-boxproteins do not interact with LNK2. However, when tested in isolation, some fragments
derived from the paralog proteins did bind SON1, suggesting that higher order structure
or inter-domain interference affects the ability of SON1 to recruit substrate. When
analyzed for interaction domains, three regions of SON1 were identified that bind to
LNK2 and a LNK2 binding region spans a conserved amino acid region. Phylogenetic
analysis revealed that there is a paralogous gene called LNK1 in Arabidopsis, and both
LNK1 and LNK2 are restricted to the plant kingdom. LNK2 and LNK1 are seen to be
widely distributed in embryophyte seed and spore plants. Genetic analysis and
complementation tests showed that LNK1 and LNK2 regulate flowering and photomorphogenesis redundantly.
Though lnk1 and lnk2 mutants look similar to wild-type plants, lnk1 lnk2 double mutant
plants possess a long hypocotyls and flower late compared to wild-type plants. Because
SON1 is implicated in plant defense, lnk mutants were assessed for susceptibility to a
virulent oomycete pathogen, Hyaloperonospora arabidopsidis (Hpa). Interestingly, lnk
mutants supported less disease development, suggesting a role of the wild-type LNK
proteins in the enabling of pathogen colonization or in repressing host defenses. To
confirm that each of the phenotypes described were a consequence of lnk1 and lnk2
mutations, wild type LNK1 and LNK2 were introduced into lnk1 lnk2 plants and
examined. For most phenotypes, genetic complementation and thus restoration of a WT
phenotype was observed. However, differences were uncovered in the ability of LNK
genes to rescue the phenotypes, indicating specialization of function.
The interaction of LNK2 with SON1 suggests that SON1-dependent ubiquitination and
proteasomal degradation may control LNK2 abundance. I show by a cell free protein
degradation assays that proteasome-based degradation of LNK2 as well as LNK1 is
possible. Data showed that SON1 binds to ASK1 in-planta suggest the existence an
SCFSON1 complex that targets LNK2 for polyubiquitination and its subsequent
degradation by the proteasome. The data presented in this dissertation indicates a role for
LNKs in flowering and plant defense and also suggest that proteasome-base regulation of
LNK turnover may be utilized to regulate LNK protein abundance and proper
maintenance of the circadian clock.
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CHAPTER ONE: LITERATURE REVIEW
OVERVIEW
This dissertation focuses on characterizing the function of the SON1-interacting protein
LNK2 and its paralog, LNK1, in Arabidopsis thaliana. SON1 was identified as an F-boxprotein that negatively regulates a novel pathogen defense pathway and was therefore
predicted to regulate a SON1-interacting factor(s) that plays a role in plant defense. The
yeast 2-hybrid technique was used to screen for SON1-interacting protein(s), leading to
the identification of LNK2 as a SON1-binding protein. Because SON1 is implicated in
plant defense and encodes an F-box protein that is thought to regulate proteolysis of a
defense regulator, Chapter 1 will introduce our current understanding of plant defense
responses, and the role of F-box proteins in the ubiquitin-proteasome proteolytic pathway
as well as in plant defense. The techniques employed to identify LNK2 as a SON1
binding protein will also be reviewed.
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1.1 Overview of plant-pathogenic microbe interactions
Plants are the only higher organisms that can convert sun energy into stored, usable
energy such as sugars, proteins and fats (Agrios, 1997). Because all animals and microbes
depend on these plants substances for their nutrition, plants are host to a large variety of
microbes, some of which exploit their host to acquire nutrition. Though some plantmicrobe interactions can be beneficial for the plant, some microbes are parasitic and are
called pathogens. For example, beneficial interactions between plants and some fungi
(mostly of the genus Glomus) and Rhizobium bacteria have resulted in the evolution of
arbuscular mycorrhizal (AM) symbioses and symbiotic nitrogen-fixing nodules,
respectively (Oldroyd et al., 2011; Gutjahr and Parniske, 2013). Although AM fungi are
obligate biotrophs who rely on host plants to complete their life cycle, their colonization
of plant root systems confers benefits to the host such as enhanced acquisition of
phosphate, nitrogen and other mineral nutrients from the soil (Govindarajulu et al., 2005;
Jin et al., 2005), as well as enhancing the plant's resistance to biotic and abiotic stresses
(Newsham et al., 1995).
Other interactions with fungi, bacteria and viruses are pathogenic, and these microbes
exploit the plant nutritional reserves to the detriment of the plant (Schenk et al., 2012).
This latter pathogenic interaction has driven the evolution of diverse defensive and
offensive survival strategies in plants and their microbes alike (Anderson et al., 2010;
Laluk and Mengiste, 2010; Kazan and Lyons, 2014).
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Though majority of plant pathogens are obligates and rely solely on plant nutrient sources
for survival, lifestyles differ among pathogens. Based on lifestyles, plant pathogens can
be classified as biotrophs or necrotrophs. Biotrophs feed on living host tissue, whereas
necrotrophs kill their host and feed on the remains (Agrios, 1997). There are some
pathogenic microbes that possess both attributes and are thus called semi-biotrophs
(Dangl and Jones, 2001). Most bacteria, fungi, oomycetes, and plant viruses are biotrophs
(Agrios, 1997).
Pathogenic bacteria exploit gas exchange pores (stomata), water pores (hydathodes), or
wounds to gain entry into their host plants for nutrition, but some also secret virulence
factors into the host to cause necrosis (Alfano and Collmer, 1996; Melotto et al., 2006;
Melotto et al., 2008). Biotrophic fungi and oomycete pathogens, after gaining access to
the host environment, utilize haustoria to acquire nutrition (Mendgen and Hahn, 2002).
Plant viruses are microscopic obligates that multiply only in living cells. While animal
viruses can be spread through aerosols, plant virus cannot penetrate the plant cell
unaided. Plant viruses are therefore transmitted from plant to plant through diverse means
such as through vegetative propagation propagules, mechanically through wounds and
sap, as well as through insect vectors (aphids, leafhoppers, whiteflies and thrips),
nematodes and fungi (Agrios 1997). Aphid vector-based transmission of plant viruses is
the most common and one of the economically important means on the field. For
example, aphids can acquire stylet-borne viruses after feeding on diseased plants with
their stylets (a hollow mouth spear). These acquired viral particles are subsequently
transferred into susceptible, but healthy host by the infected aphid upon feeding
3

(Maramorosch and Harris, 1977; Walling, 2008).
Plants utilize various constitutively expressed primary protective barriers, which include
the waxy cuticle on the leaf surface, stomata, and cell wall, as well as inducible
secondary metabolites or antimicrobial enzymes to deny access to most microbes
(Bednarek and Osbourn, 2009). Being sessile, plants are constantly exposed to pathogens,
which have devised means to overcome these primary protective barriers. As a result,
plants have evolved to rely heavily on innate immunity and systemic responses, which
activate induced defense responses to stifle pathogen proliferation (Chisholm et al., 2006;
Jones and Dangl, 2006). During innate immune response, plant rely on defined receptors
called pattern-recognition receptors (PRRs) and resistance (R) proteins to recognize
microbe-associated molecules, and activate broad-spectrum local and systemic resistance
(Delaney et al., 1994; Dangl and Jones, 2001). Microbial pathogens have however also
co-evolved mechanisms to suppress these plant immune responses, mostly by delivering
virulence effectors into their host (Chisholm et al., 2006), which will be discussed in
section 1.2.
The inability of plants to counteract pathogenic virulence results in disease and severe
losses in crop yield leading to billions of dollars in economic loss yearly (FAO, 2012).
Crop losses resulting from disease threaten global food security and increase
malnutrition. As a result, extensive research has been done to adequately understand how
plants respond to pathogens and how pathogens counter-respond to plant defense. In the
past, research focusing on plant responses to pathogens has been used to successfully
devise breeding strategies to improve plant health and productivity in an attempt to
4

minimize crop losses resulting from plant pathogenic attacks. However, there are several
aspects of plant defense responses that are not fully understood, resulting in the need for
continuous research to improve crop health. This is particularly important since our
current agricultural setting relies extensively on monocultures and other agricultural
practices that can promote disease, making the evolution of virulent pathogenic strains a
persistent threat to crop productivity and food security (Boyd et al., 2013).
This chapter will highlight some of our current understanding of plant defense pathways
and the roles of genes implicated in those pathways as well as review our knowledge of
two candidate plant defense genes in Arabidopsis thaliana: night light–inducible and
clock-regulated genes called NIGHT LIGHT-INDUCIBLE AND CLOCK-REGULATED
GENES 1 and 2 (LNK1 and LNK2).
1.2 Host responses to plant pathogens and pathogen counter responses
Though plants rely on both constitutive and inducible defense responses to combat
pathogenic invasion, the ability of plants to recognize and resist potential pathogens
governs the vast majority of plant-pathogen interactions. The perception of pathogen
(microbe)-associated molecular patterns (PAMPs/MAMPs), such as flagellin and chitin,
with the aid of transmembrane proteins termed pattern-recognition receptors (PRRs)
activates a basal defense termed PAMP-triggered immunity (PTI) (deWit, 2007;
Vellosillo et al., 2010). When called upon, PTI is normally a rapid response,
accompanied by a number of changes that include ion fluxes, oxidative burst,
transcriptional reprograming, changes in proteome and metabolome, and protein
phosphorylation (Schwessinger and Zipfel, 2008; Boller and He, 2009).
5

Also induced during pathogenic attack are callose deposition, stomatal closure, and cell
wall fortification to halt pathogen progression (Melotto et al., 2006; Anderson et al.,
2010; Kangasjarvi et al., 2012). These induced responses are mostly effective against
non-virulent microbes, which lack the ability to utilize virulence effectors to suppress
induced plant defense responses. The secretion of virulence effector proteins by
pathogens, suppresses PTI leading to what is known as effector triggered susceptibility
(ETS) (Jones and Dangl, 2006). Research in Arabidopsis have shown that the effector
protein AvrPto, secreted during invasion by Pseudomonas syringae using a type-three
secretion system (TTSS) for example, suppresses PTI (Torres et al., 2006; Boller and He,
2009). Another P. syringae effector, AvrPtoB is reported to possess an intrinsic E3 ligase
activity that targets FLS2, a flagellin receptor, which is then degraded through the 26S
proteasome and thus suppresses plant immunity (Abramovitch et al., 2006; Gohre et al.,
2008).
The arms race between plants and pathogens does not end with ETS. Through the use of
specific Resistance (R) genes, plants have evolved a more robust mechanism to combat
pathogen invasion (Flor, 1971). R proteins, most of which are also called NB-LRR
proteins, possess a central nucleotide-binding (NB) domain and C-terminal leucine-rich
repeat (LRR) domains (Jones and Dangl, 2006). The N-termini of some NB-LRR R
proteins are similar to the intercellular portion of the Drosophila Toll and mammalian
interleukin 1 (IL-1) receptors (TIR-NB-LRR), while others have a coiled-coil (CC) motif
at their N-terminus (CC-NB-LRR) (Dangl and Jones, 2001), suggesting that TIR and CC
class proteins signal to different response pathways. Each R protein is activated
6

directly or indirectly by specific bacterial gene products called avr proteins, leading to
effector-triggered immunity (ETI) (Dodds and Rathjen, 2010), a robust defense response
that can avert pathogen invasion. It has been shown that pathogenic strains that express
avr proteins are avirulent on plants that express a corresponding R gene, and thus no
disease results (Staskawicz et al., 2001).
Typically, R proteins function in three ways to (1) recognize specific pathogenic
effectors, (2) guard and verify the integrity of host targets of virulence factors, and (3)
detect any modification of key plant defense proteins (Dangl and Jones, 2001). For
example,

RIN4 (RPM1-INTERACTING PROTEIN4) functions to prevent spurious

activation of defense response (Belkhadir et al., 2004), and is a target of bacterial effector
molecules. The product of R genes RPM1 (RESISTANCE TO P. SYRINGAE PV
MACULICOLA 1) and RPS2 (RESISTANCE TO PSEUDOMONAS SYRINGAE2) act to
guard and detect modification of RIN4 by AvrRPM1, AvrB and AvrRpt2, which if
detected activates ETI (Dangl and Jones, 2001; Anderson et al., 2010). Indeed, in the
absence of RPM1 and RPS2, effectors AvrRpm1/AvrB and AvrRpt2 interact with and
modify RIN4 to enhance ETS (Axtell and Staskawicz, 2003; Belkhadir et al., 2004).
Although once postulated that one R gene product corresponds to one Avr gene product
(gene-for-gene model) (Flor, 1971), evidence now suggests that in some cases, multiple
R proteins are required for recognition of specific effector proteins, and vice versa. Good
examples are Lr10 and RGA2 that are both required for leaf rust resistance in wheat
(Loutre et al., 2009), Mi that confers resistance to a nematode, aphid, and whitefly in
tomato (Nombela et al., 2003), Cf-2 that confers resistance to both Cladosporium
7

fulvum and a nematode in tomato (Lozano-Torres et al., 2012), and the right cluster of
genes at the RESISTANCE TO H. GLYCINES (RGH1) locus that all contribute to
resistance to soybean cyst nematode (Cook et al., 2012).
During ETI there are several signaling events that result in localized programmed cell
death (PCD) or hypersensitive response (HR) at the site of infection (Jones and Dangl,
2006; Coll et al., 2011), that can prevent pathogen growth and spread (Greenberg, 1997;
Nimchuk et al., 2003). It is known that the production of salicylic acid (SA), glycerol-3phosphate (G3P), methyl salicylic acid (MeSA), and reactive oxygen species (ROS)
accompany ETI activation (Ryals et al., 1995; Torres et al., 2006; Chanda et al., 2011).
ROS production during ETI is usually accompanied by changes in extracellular pH, ion
fluxes, as well as protein phosphorylation and immobilization (O'Brien et al., 2012). These
responses aid activation of ETI in diverse ways, including acting directly as antimicrobial
agents or as signaling molecules that lead to induction of defense gene expression (Guan
et al., 2000; Klessig et al., 2000; Desikan et al., 2001), cell wall reinforcement (Bradley et
al., 1992; Brown, 1998), stomatal closure via ABA signaling (Pei et al., 2000), callose
deposition (Daudi et al., 2012) and salicylic acid (SA) induced systemic acquired
resistance (SAR) (Ryals et al., 1995). Increasing ROS production in association with
parallel increases in SA leads to the expression of antimicrobial genes and the
establishment of SAR against secondary infection in distal uninfected tissues (Gaffney et
al., 1993; Durrant and Dong, 2004; Hofius et al., 2007; Wang et al., 2014).
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1.2.1 Systemic Acquired Resistance (SAR)
In 1961, Ross demonstrated that tobacco (Nicotiana tabacum) plants challenged with
tobacco mosaic virus (TMV) subsequently developed increased resistance to secondary
infection in distal tissues (Ross, 1961), and called the response SAR. It was later
demonstrated that the SAR response can be activated upon exposure to different
pathogens and is effective against a wide range of pathogens including bacteria, viruses,
fungi and oomycetes (Ryals et al., 1996).
Activation of SAR is accompanied by induction of Pathogenesis-Related (PR) genes that
encode PR proteins and commonly used as molecular markers to monitor SAR activation
(Yalpani et al., 1991; Ryals et al., 1996; van Loon, 1997). PR proteins may act as
antimicrobial agents, and are typically stable and soluble in acidic environments where
they mostly localize (vacuoles and cell wall), and are resistant to proteases (Stintzi et al.,
1993). SAR induction experiments by White and others revealed that acetylsalicylic acid
(Aspirin), and salicylic acid (SA) activate SAR and induce production of PR proteins
(Kessmann et al., 1994; Ryals et al., 1995). The important role of SA in SAR induction
was further demonstrated by experiments that showed: 1) SA can be detected in leaf
exudates following SAR induction, 2) SA accumulation precedes induction of PR genes
(Malamy et al., 1990; Metraux et al., 1990); and 3) transgenic plants that express
bacterial salicylate hydroxylase encoded by the nahG gene neither accumulated nor
developed SAR following pathogen inoculation (Gaffney et al., 1993; Delaney et al.,
1994b), thus, showing that SA plays an essential role in SAR induction and in plant
defense.
9

Other research showed that pathogenic attack leads to synthesis of SA due to activation
of enzyme ISOCHORISMATE SYNTHASE 1 (ICS1), which was also required for
induction of SAR (Wildermuth et al., 2001). SAR Deficient 1 (SARD1) and calmodulin
binding protein 60g (CBP60g) were later reported as transcription factors that bind to the
ICS1 promoter upon pathogenic challenge to induce ICS1 expression and SA synthesis
(Zhang et al., 2010c).
Systemic activation of resistance in SAR-activated plants relies on some kind of long
distance signal in the plant. SA was immediately considered as a possible mobile signal,
however several experiments proved that was not the case. An elegant grafting study was
done with SA-deficient NahG transgenic tobacco plants by Vernooij et al., (1994), to
ascertain whether SA is the mobile signal The researchers generated chimeric plants by
grafting wild type (Xanthi) and NahG plants for SAR analysis. Rootstock leaves were
first inoculated with Tobacco Mosaic Virus (TMV), and then scion leaves challenged
with a second TMV inoculation and SAR assessed in the scion (Vernooij et al., 1994).
When NahG-Xanthi and Xanthi-NahG reciprocally grafted plants were compared, SAR
was found to be induced in the scion leaves only if the scion was from a wild-type plant.
Interestingly, SAR could be induced in a wild type scion, even if grafted onto a NahG
root stocks. This suggests that though SA is required for SAR induction in distal leaves,
SA accumulation in the primary infected rootstock leaf is not a requirement for
generation of the mobile signal, and also that SA accumulation in the rootstock alone is
not sufficient for induction of SAR in distal uninfected leaves.
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To date, the exact identity of the mobile signal that facilitates long-distance
communication between primary infected tissue and distal tissues to induce SAR is not
known, though numerous candidates have been proposed. Methyl salicylic acid (MeSA)
was one of them, because during SAR activation, it can accumulate, suggesting it may be
the mobile signal by the aid of SA methyltransferase. MeSA was proposed to move to
distal tissues and then be converted back to SA by the enzyme salicylic acid-binding
protein 2 (SABP2) (Park et al., 2007), where SA would contribute to the activation of
downstream SAR signaling in the pathogen-free distal organs (Dempsey and Klessig,
2012). However, because SAR was still activated in Arabidopsis thaliana SA
methyltransferase knockout mutants (bsmt1), that still showed systemic accumulation of
SA and PR-1 transcripts comparable to wild-type levels (Attaran et al., 2009), MeSA was
no longer considered the sole SAR mobile signal. Furthermore, research findings suggest
that MeSA’s role in SAR is dependent on the developmental age of the plants at the time
of infection, the light intensity, and virulence of the pathogen (Liu et al., 2011).
Other potential molecules considered as a SAR mobile signals include: glycerol-3phosphate (G3P), azelaic acid (AzA) (Chanda et al., 2011) and dehydroabietinal (DA)
(Chaturvedi et al., 2012) (Jung et al., 2009). However none of these metabolites have
been established as the mobile signal. Pipecolic acid (Pip) is currently considered a strong
a candidate for the SAR the mobile signal. Pip appears to play a critical role in SAR
induction in distal tissues (Navarova et al., 2012) and was found to be produced in petiole
exudates from P. syringae inoculated tissues at levels significantly (7-fold) higher than
other defense-related metabolites including

SA,
11

SAG,

MeSA,

AzA,

JA,

and

camalexin (Navarova et al., 2012). It was proposed that the high local accumulation of
Pip in infected tissues is needed for translocation of Pip to distal tissues where SAR is
induced. Using the fmo1 mutant that is unable to systemically up-regulate the Pip
biosynthesis gene ALD1, Návarová et al. (2012) detected a small but significant
pathogen-induced Pip accumulation in distal leaves of fmo1. The rise of Pip in distal
fmo1 tissues was thought most likely to result from transport rather than de novo
synthesis. There is however no substantial evidence currently to confirm the function of
Pip as the mobile signal required for SAR induction in distal organs.
Besides production and translocation of a mobile signal during SAR induction, massive
transcriptional reprogramming occurs, that is dependent on the transcriptional coactivator
NON EXPRESSER OF PR GENES-1(NPR1)/NON INDUCIBLE IMMUNITY-1
(NIM1) and TGA transcription factors (Cao et al., 1994; Delaney et al., 1995; Dong,
2004). NIM1 and NPR1 is the same gene, and will henceforth be called NPR1. Both
NPR1 and TGA transcription factors are redox-controlled regulators of SAR, and
changes in the oxidative state of a plant cell upon SA application results in the change of
cytosolic sequestering of NPR1 oligomers to nuclear localized NPR1 monomers (Mou et
al., 2003). The nuclear localization of NPR1 is required for it to interact with
transcription factors (e.g. TGA-1) to co-activate the expression of defense-related genes
(Figure 1; Kinkema et al., 2000). NPR1 with the aid of TGAs, is known to influence the
transcription of numerous SA dependent genes that are either defense-related or secretion
related (Wang et al., 2005; Blanco et al., 2009).
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The SA-induced monomerization of NPR1 oligomers is catalyzed by cytosolic
thioredoxins (TRX-h3 and TRX-h5) through reduction of disulfide bridges while Snitrosoglutathione (GSNO), an NO donor, facilitates NPR1 oligomerization through Snitrosylation of cysteine residue 156 (Tada et al., 2008).
A recent report also suggests that Phospholipase D (PLD), through the activity of nbutanol, acts in the cytosol to regulate the nuclear localization of NPR1 (Janda et al.,
2015), which may be necessary to maintain NPR1 homeostasis during pathogenic attack.
The redox state of the cell does not only influence the monomerization of NPR1 and its
nuclear localization, but also aids in S-nitrosylation of TGA1 to enhance its binding to
the cis element activation sequence-1 (as-1) present in the promoter region of defense
genes (Lindermayr et al., 2010). It is reported that the binding of TGA2 and TGA3 to as1 is enhanced by NPR1 upon SA induction, establishing NPR1 as a transcriptional coactivator (Despres et al., 2000; Johnson et al., 2003).
Though nuclear localization of NPR1 is important for transcriptional activation and
maintenance of SA homeostasis, and tolerance to SA toxicity in plants (Zhang et al.,
2010a), nuclear localized NPR1 has been reported to be constantly degraded by the 26S
proteasome in an NPR3 and NPR4-dependent manner (Fu et al., 2012). NPR1 protein
turnover is potentially aimed at maintaining a minimal NPR1 protein level in the nucleus
to prevent spurious activation of SAR, which may be energetically costly in the absence
of attack (Spoel et al., 2009). It is also proposed that constant degradation of older
phosphorylated NPR1 in SA-induced cells will reduce the pool of NPR1, enabling freshly
phosphorylated NPR1 to reinitiate gene

transcription; thus the rate of NPR1
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degradation correlates with the rate of target gene activation (Spoel et al., 2009). The
knowledge that SA is required for induction of the SAR pathway has led to the utilization
of SA analogs (e.g. benzothiadiazole (BTH)) to induce resistance in field crops
(Benhamou and Belanger, 1998). BTH is registered for use in control of a wide variety of
disease in many crops (Lawton et al., 1995; Friedrich et al., 1996; Gorlach et al., 1996).
However SAR alone is not sufficient to confer complete resistance to pathogens.
1.2.2 SAR-independent defense and the SON1 gene
To identify additional regulators of the plant immune response associated with
the NIM1/NPR1-induced SAR pathway as well as SAR-independent resistance pathways,
a genetic suppressor screen of mutagenized Arabidopsis thaliana nim1-1 seedlings was
previously performed, leading to the discovery of SON1 (Kim and Delaney, 2002). The
SON1 gene product was proposed to regulate a novel form of resistance due to the
following observations: 1) the son1 mutation led to enhance resistance in a nim1-1/npr1,
mutant background but showed neither signs of PR genes induction, associated with
SAR, nor PDF1.2 gene induction, a marker for jasmonic acid–dependent inducible
defense response and 2) son1 resistance was still expressed in the presence of nahG,
indicating that SA is not required for SON1-base defense response (Kim and Delaney,
2002). The SON1 gene (At2g17310) encodes an F-box protein with a conserved aminoterminal F-box domain, and a carboxyl-terminal, plant-specific FBA1 domain (F-box
associated domain-1) (Kim and Delaney, 2002). Since F-box proteins are components of
SkpI/Cullin/F-box/RBX1 (SCF) E3 ubiquitin ligase complexes that dictate specific
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substrate protein recognition and ubiquitination (Skowyra et al., 1997), leading to their
degradation in the proteasome, the ubiquitin-proteasome pathway is implicated in a
SON1-dependent defense response.
1.2.3 F-box proteins confer specificity in the ubiquitin-proteasome pathway.
Ubiquitin-mediated proteolysis is an essential for eliminating proteins in eukaryotes, and
is involved in many systems including the regulation of the cell cycle, DNA replication,
transcription, DNA repair, mitosis, cell differentiation, cell death, circadian rhythms and
the removal of rate-limiting enzymes or proteins involved in regulatory networks
(Hershko and Ciechanover, 1998; Petroski and Deshaies, 2005). Ubiquitin (Ub) is an
approximately 8.5 kDa protein that is conserved in Eukaryotes. The covalent attachment
of Ub to target proteins usually serves a signal for their proteasomal degradation (Nandi
et al., 2006), although there are instances where ubiquitination influences the activity or
localization of a protein (Aguilar and Wendland, 2003). For example, the covalent
attachment of a single ubiquitin (monoubiquitination), two Ubs (diubiquitination), and in
few instance 2-4 Lys-63-linked ubiquitin chain, leads to trafficking of proteins from the
plasma membrane or trans-Golgi to endosomal compartments (Hicke, 2001; Magasanik
and Kaiser, 2002; Aguilar and Wendland, 2003; Hicke and Dunn, 2003).
In the ubiquitin-proteasome system, an enzymatic cascade begins with the E1 enzyme
activating the ubiquitin moiety in an ATP-dependent manner leading to the direct binding
of Ub to E1 via a thiol-ester linkage (Vierstra, 2009). The activated Ub is then transferred
to a cysteine in an E2 ubiquitin-conjugating enzyme (Hershko and Ciechanover, 1992).
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The ubiquitin is finally transferred from the E2 to a specific protein substrate a third
enzyme complex, an E3 ubiquitin ligase (Hershko and Ciechanover, 1998), and that
modification targets the protein for degradation by the 26S proteasome (Craig et al.,
2009). The specificity of the ubiquitin system is conferred by E3 ligases that recognize
and ubiquitinate unique protein substrates. The best studied E3 ligases are the SCF (S
phase kinase-associated protein 1 (SKP1)–Cullin 1 (CUL1)–F-box protein complexes and
Cullin–RING ligases (CRL) (Petroski and Deshaies, 2005). The SCF complex is
assembled on scaffolding protein called CUL1 that recruits the RING protein RBX1 via
the carboxyl of CUL1. RBX1 then interacts with E2 enzyme to bring it to the E3
complex. On the other hand the amino terminus of CUL1 binds Arabidopsis SKP1, which
recruits an F-box protein to complete the SCF complex (Figure 2) (Petroski and Deshaies,
2005). In the Arabidopsis thaliana genome, there are 21 Skp1-like genes (ASKs) (Farras
et al., 2001; Gagne et al., 2002; Risseeuw et al., 2003). ASK1 and ASK2 are the most
similar (84% amino acid similarity) among the ASKs, and phylogenetic analyses showed
that ASK1 and ASK2 are the most conserved ASK genes with respect to yeast and human
SKP1 genes (Gagne et al., 2002).
The specific substrate recruited to the E3 ligase for ubiquitination is determined by the Fbox protein in a tightly regulated manner (Skowyra et al., 1997; Skaar et al., 2013a).
Upon binding to a cognate substrate protein(s) determined by substrate protein primary
structure or by “degradation signals” such as phosphorylation (Ravid and Hochstrasser,
2008), the F-box/substrate protein pair assembles with the SCF core complex, and
ubiquitin is covalently attached to the target

protein
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ultimately

destining

it

for

degradation in the 26S proteasome (Lechner et al., 2006) (Figure 2).
Plant SCF complexes function the same. For example, the Arabidopsis F-box proteins
ZTL and TIR1 are responsible for ubiquitin-proteasome-based degradation of the
circadian clock protein PRR5, and auxin transcriptional repressors AUX/IAA,
respectively (Gray et al., 2001; Kiba et al., 2007). Since they are the specificity
determinant of the ubiquitin-proteasome system, it is not surprising there are
approximately 1415 predicted E3-ubiquitin ligases in Arabidopsis (Mazzucotelli et al.,
2006).
1.2.4 Function of F-box protein in plant defense
F-box gene families in plants can be very large, with over 700 predicted members in A.
thaliana (Gagne et al., 2002; Xu et al., 2009), suggesting that plants rely heavily upon
targeted proteolysis for control of biological processes. Plant F-box proteins have been
shown to function in diverse processes, including hormonal signal transduction, floral,
shoot and root development, pollen recognition, light signaling, circadian rhythm, and
plant defense (Wang et al., 2004; Lechner et al., 2006). There are only a few F-box
proteins that have so far been implicated either directly or indirectly in plant defense
responses. An indirect role of two closely related transcription factors, ETHYLENE
INSENSITIVE 3 (EIN3) and ETHYLENE INSENSITIVE3-LIKE1 (EIL1) is to
negatively regulate the expression of SA INDUCTION–DEFICIENT (SID2) (Chen et al.,
2009), an ISOCHORISMATE SYNTHASE 1 (ICS1) involved in pathogen-induced SA
biosynthesis and thus, plant immunity (Nawrath and Metraux, 1999; Wildermuth et al.,
2001).
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The stability of EIN3 and EIL1 is regulated by EIN3 BINDING F-BOX1 (EBF1) or
EBF2 containing SCF E3 ligase complexes (Guo and Ecker, 2003; Gagne et al., 2004;
Binder et al., 2007).
COI1 is another F-box protein, which assembles an SCFCOI1 and is implicated in
regulating JA-dependent defenses (Xie et al., 1998; Xu et al., 2002). Other F-box proteins
implicated in plant defense include Avr9/Cf-9-INDUCED F-BOX1 (ACIF1) (van den
Burg et al., 2008) and SUPPRESSOR OF NIM1-1 (SON1) (Kim and Delaney, 2002).
ACIF1 has been shown to regulate HR in tobacco and tomato (van Ooijen et al., 2007;
van den Burg et al., 2008), even though A. thaliana ACF1 homologs were shown to also
be important in plant growth and development (Schwager et al., 2007).
SON1, on the other hand, has been proposed to function as a repressor of a positive
regulator of plant defense that functions independently of the SAR pathway, because the
son1 mutant exhibits heightened resistance to multiple pathogens without the induction of
SAR-associated PR genes (Kim and Delaney, 2002). Since SON1 encodes an F-box
protein, it was proposed that a positive defense regulator would be specifically targeted
by a putative SON1 containing SCF (SCFSON1) E3 ligase. Because F-box proteins rely on
the use of different but conserved C-terminal domains to recruit specific substrates for
ubiquitination; the FBA1 C-terminal domain of SON1, which is also found in 113 other
F-box proteins (Gagne et al., 2002; Xu et al., 2009), may function as a protein-protein
interaction domain and specify SON1 substrates.
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1.3. Identification of SON1 substrate
To identify SON1 interacting proteins and potential substrate(s) for a putative SCF

SON1

E3 ligase, a yeast-two- hybrid (Y2H) screen that used SON1 as interaction bait was
performed. The screen led to the identification of a plant specific gene (At3g54500
named SON1-interacting Factor1 (SIF1)).
Our phylogenetic analysis revealed the existence of a close relative, AT5G64170, we
named SIF2. These genes (SIF1 and SIF2) were independently identified by another
group using a different approach and given the names LNK2 and LNK1, respectively
(Rugnone et al., 2013), names I will henceforth use. In Chapter 2 of this thesis, I describe
my observations that LNK1 and LNK2 function in photo-morphogenesis, flowering and
plant defense response pathways. Since LNK2 binds to SON1, an F-box protein that can
assemble a putative E3 ligase, the likelihood of proteasome-based degradation of LNK1
and LNK2 was explored, and those results presented in Chapter 3 of this thesis.
The Y2H screen used is popular due to its simplicity and advantages. However, being a
yeast-based screen, the split YFP in-planta protein-protein interaction assay was adopted
to confirm in-planta LNK2-SON1 protein-protein interaction. Principles of the Y2H
screen and the plant based bimolecular fluorescence complementation (BIFC), also
known as the Split YFP protein interaction assay, are described below.
1.3.1 The yeast-two hybrid protein-protein interaction assay
The principle: Proteins play a variety of important functions in an organism but not in
isolation (Yanagida, 2002), and most cellular processes require some degree of proteinprotein interaction (Van Criekinge and

Beyaert, 1999; Berggard et al., 2007).
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Thus, the functionality of an unknown protein can often be predicted based on
interactions with a previously characterized protein (Rao et al., 2014). Techniques
available to identify

protein-protein interactions range from physical biochemical

approaches such as protein cross-linking and immunoprecipitation to genetic approaches
such as the yeast-two-hybrid (Y2H) system (Phizicky and Fields, 1995).
The Y2H system is based on the ability of many transcription factors, such as
Saccharomyces cerevisiae Gal4, to be divided into DNA-binding domain (DBD) and
transcriptional activation domain (AD) (Ma and Ptashne, 1988; Fields and Song, 1989).
The DBD cannot activate transcription without the AD, though it will recognize specific
sequences in the promoter of a gene regulated by that trans factor (Rao et al., 2014).
Practically, the GAL4 DBD is able to bind a specific promoter and activate expression of
reporter genes use in the Y2H system (e.g. the E. coli lacZ, as well as selectable S.
cerevisiae HIS3 and ADE2 genes). If the DBD becomes physically associated with an AD
(Ma and Ptashne, 1988; Fields and Song, 1989), the reporter genes are expressed, and
prototrophy is conferred on auxotroph yeast (Botstein, 1982; Boeke et al., 1984; Durfee
et al., 1993; Cost and Boeke, 1996; Van Criekinge and Beyaert, 1999). Thus prototrophy
and LacZ protein activity is used to identify protein-protein interactions. How does it
work? Two individual vectors are made with either the GAL4 DBD (hereafter "bait") or
the GAL4 AD (hereafter "prey") and used for the assay. To perform a Y2H screen, a
cDNA of the protein of interest (e.g. SON1) is cloned into a plasmid as fusion protein
with the GAL4 DBD to form the “bait” plasmid, while potential interacting partner(s)
(e.g. an Arabidopsis cDNA library) are

cloned into another plasmid in frame with
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the GAL4 Activation Domain to create the “prey” plasmid library (Van Criekinge and
Beyaert, 1999). If the “bait” and “prey” are co-transformed into an auxotroph yeast
strain, physical interaction of the two will activate expression of genes that contain
promoter elements recognized by DBD (Figure 3), leading to prototrophy (West et al.,
1984; Causier and Davies, 2002). In practice selectable marker genes such as HIS3 and
LacZ are positioned downstream of the binding site of DBD. Therefore the ability to
grow on a media lacking Histidine as well as β-gal colorimetric assays can be used to
confirm interaction.
Upon confirming the putative binding partner of the bait using the markers above, the
identity of the interacting partner(s) is then obtained by sequencing the corresponding
plasmids from the interacting yeast colonies, followed by database search, BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The Y2H system offers a number of advantages
for the analysis of protein-protein interactions. First of all, the technology is relatively
inexpensive compared to protein purification, and often more sensitive than many in vitro
techniques, and thus is well-suited for detecting weak or transient interactions (Van
Criekinge and Beyaert, 1999). cDNA expression libraries can easily be screened to
isolate proteins interacting with a protein of interest. In this way, not only are the
interacting proteins identified, but also the cloned cDNAs encoding them become
available for further studies (Berggard et al., 2007).
A shortcoming of the Y2H system however, is that some interactions require
posttranslational modifications such as formation of disulfide bridges, glycosylation and
phosphorylation which may not occur, or

form inappropriately, in yeast (Phizicky
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and Fields, 1995). Also because interacting proteins must localize to the nucleus, proteins
that do not localize to the nucleus may be missed (Rao et al., 2014), although efforts have
been made to accommodate cytosolic interactions (Bruckner et al., 2009). Furthermore,
the fusion proteins required for Y2H screens offers the potential of protein conformation
change leading to altered functionality of proteins (Phizicky and Fields, 1995). For plant
proteins whose native host is not yeast, the yeast based protein-protein interaction have to
be confirmed in vivo, because the Y2H technique can misidentify protein binding
partners (Stellberger et al., 2010). The need to confirm Y2H protein-protein interaction
results has led to the influx of techniques that can be used to study protein-protein
interaction in living cells, such as fluorescence resonance energy transfer (FRET) for
monitoring protein–protein interactions in living cells (Stryer, 1978; Wu and Brand,
1994), bimolecular fluorescence complementation (BIFC) and immunoprecipitation
followed by mass spectrometry (Zhang et al., 2010b).
1.3.2 Plant-based protein-protein interaction assays
Förster resonance energy transfer (FRET)
FRET is a distance-dependent interaction between fluorophores in which energy is
transferred from a donor fluorophore to an acceptor fluorophore (Wu and Brand, 1994).
This principle is employed in living cells to study protein-protein interaction, because
when two interacting proteins bring linked fluorophores into close proximity with each
other, energy can be transferred from a donor to an acceptor (Wu and Brand, 1994).
Therefore FRET is dependent on a fluorescent donor molecule that must transfer energy
to a neighboring fluorophore (acceptor),

leading to excitation and emission of
22

fluorescence by the acceptor (Wu and Brand, 1994). In order for FRET to work, the
donor emission and acceptor excitation must spectrally overlap (Figure 4a).
The proximity between the donor and acceptor, which is an important determinant for
FRET, and generally requires that the donor and acceptor molecules are separated by
<100 Å (Forster Radius, Ro<<1.5)(Loura and Prieto, 2011). If > 90% of the energy
absorbed by a donor is transferred to the acceptor causing it to fluoresce, it suggests that
such molecules interact and are separated by less than 1.5 Ro. However Ro of >> 1.5 will
result in only 8% energy transfer and detection of fluorescence signal from the acceptor,
indicating a lack of interaction (Figure 4b) (Gadella et al., 1999; Bhat et al., 2006). The
Cyan Fluorescent Protein (CFP) and Yellow Fluorescent Protein (YFP) are good
examples of a donor and an acceptor fluorophores respectively (Hink et al., 2002). Also
Green Fluorescent Protein (GFP) and Red Fluorescent Protein (RFP) can be used as
donor and acceptors, respectively (Mas et al., 2000)
How is FRET used to determine protein interaction in-planta? To successfully visualize
FRET in living cells, potential interacting protein partners are fused to CFP donor (XCFP) and YFP acceptor (Y-YFP). The fusion constructs are co-expressed in plant cells
such as protoplasts. Cells co-expressing X-CFP and Y-YFP are then excited within the
CYP excitation range followed by detection of the YFP emission signal. It is expected
that interaction between proteins X-Y will results in FRET, causing quenching of the
donor fluorescence and an enhanced acceptor emission. Therefore a successful transfer of
energy from CYP to YFP due to physical interaction between the two proteins will lead
to detection an enhanced YFP emission

signal.
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The FRET system does not only offer the ability to detect protein-protein interaction but
also enables the determination of the subcellular localization on interacting partners. It
also removes the restriction of binding partners to the nucleus as offered by the yeast
system. These advantages have led to the extensive use of FRET to study protein-protein
interactions in plant cells (Mas et al., 2000; Immink et al., 2002; Tonaco et al., 2006).
Besides being difficult and requiring sophisticated equipment (Walter et al., 2004),
successful FRET assays require certain proximal distance between donor and acceptors.
Thus, in the case of large interacting partners, one may not obtain a signal from the
acceptor despite there being an interaction, due to the distance of separation (Bhat et al.,
2006). Furthermore, there are reports that energy transfer efficiencies can be influenced
either positively or negatively by the size of the protein (Arai et al., 2001; Lissandron et
al., 2005). The above challenges have led to the quest for alternatives leading to the
development of the bimolecular fluorescence complementation or split YFP protein
assay.
Bimolecular fluorescence complementation (BIFC) or split-yellow fluorescent
protein (YFP)
The split-YFP assay, like the Y2H assay, relies on the reconstitution of two halves of a
protein to restore function. The individual N- and C-terminal fragments of YFP are not
fluorescent and do not spontaneously reconstitute a functional fluorophore. However, if
the two non-functional halves of the fluorophore are brought into contact by their linkage
to interacting proteins, they refold together and generate a fluorescent protein that has the
same spectral properties as the intact YFP

(Ghosh, 2000; Hu et al., 2002), (Figure
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5). However, if the proteins that are fused to the split YFP fragments do not interact,
reconstitution of the YFP usually does not take place and fluorescence is not detected.
Besides being straight forward and requiring only a microscope with fluorescence
capability, the BIFC technique offers the advantage of providing knowledge of the
subcellular localization of interacting proteins. It also offers the possibility of highthroughput in planta interaction screens, thus eliminating the need for re-confirming invivo interaction of proteins identified from the conventional yeast 2-hybrid assay (Lee et
al., 2012). Like all other systems, BIFC has caveats, the most important of which is nonspecific interactions due to stability and irreversibility of YFP complexes in highly
expressed proteins (Hu et al., 2002). Therefore, results of BIFC must be confirmed via
independent assays such as co-immunoprecipitation or immunoprecipitation followed by
protein identification via mass spectrometry (Ohad et al., 2007).
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SUMMARY
This chapter provides a review of the response of plants to pathogens and their counter
responses, and the identity of SON1 as a defense regulator. Studies in the model plant
Arabidopsis thaliana have shown that continual evolution of defense and counter defense
strategies by plants and pathogenic microbes has led to the use of complex pathways to
combat pathogenic invasions by plants. Among the several defense pathways described,
the systemic acquired resistance (SAR) defense pathway is one of the best studied. SAR
activation requires accumulation of salicylic acid (SA) and transcriptional reprograming
aided by an indispensable transcriptional co-activator NPR1, which acts with TGA
transcription factors.
To better understand the players of the SAR-independent responses, a suppressor screen
was performed in the nim1/npr1 background leading to the identification of SON1, which
confers resistance independent of the SAR pathway (Kim and Delaney, 2002). However,
the exact role of SON1 in plant defense remains elusive. The SON1 gene encodes an Fbox protein and F-box proteins function as part of an enzyme complex in the ubiquitinproteasome system to tag specific subtract(s) with ubiquitin for degradation. The model is
that SON1 binds and ubiquitinates defense regulators targeting them for degradation by
the proteasome. Both yeast-based Y2H and plant-based split-YFP techniques show that
SON1 binds to LNK2. Chapter 2 describes the function of LNK2, which includes roles in
plant defense and floral pathways. Chapter 3 demonstrates that SON1 binds to ASK1,
and that LNK1 and LNK2 may be targeted for degradation by the proteasome.
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FIGURES

Figure 1. Activation of Systemic Acquired Resistance (SAR)
Pathogen-induced SA accumulation leads to thioredoxin-catalyzed monomerization of
NIM1/NPR1, causing the localization of NPR1 monomers in the nucleus. While localized
in the nucleus, NPR1 interacts with TGA transcription factors to activate the expression
of PR genes such as PR1, PR2, and PR5 and consequently cause SAR. Modified from
(Spoel et al., 2009).
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Figure 2. The E1 activating and E2 conjugating enzymes and SCF E3 complex
The E1, in an ATP-dependent manner, transfers ubiquitin to E2, which then conjugates
ubiquitin to a target protein associated with the F-box protein within the E3 SCF multiprotein complex. The poly-ubiquitin-tagged protein is subsequently recognized and
degraded by the 265 proteasome. Modified from (Price and Kwaik, 2010).
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Figure 3. Principle of the yeast 2-hybrid system
The protein coding sequence of the bait protein is cloned into a vector containing the
DNA binding sequence to create a DBD-X (bait) fusion, while protein-coding sequence
of the prey protein is cloned into a vector that contains sequences for transcription
activation domain to create an AD-Y (prey) fusion. Both vectors also contain the
necessary elements for growth and protein expression in yeast. The bait and prey vectors
also provide the genes for the biosynthesis of the amino acids tryptophan (TRP1) and
leucine (LEU), respectively. When the recombinant vectors are introduced into the
appropriate auxotrophic yeast strain and if proteins X and Y physically interact with one
another, the DBD and AD are brought together to reconstitute a functionally active
transcription factor that binds to UAS of the reporter gene ( e.g. His3 and LacZ) to
activate expression. Interaction therefore enables prototrophy and positive selection for
growth on selective media lacking tryptophan, leucine and histidine. No interaction on
the other hand leads to inability to grow on selective media. Modified from (Fields and
Song, 1989).
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Figure 4. Principle of FRET
A) At a certain Forster distance, energy is transferred from a donor upon excitation to the
acceptor leading to acceptor fluorescence. The excitation wavelength of the acceptor
must overlap with the emission wavelength of the donor to enable a successful energy
transfer. B) The donor and acceptor must to be in close proximity (R0 < 1.5) for 95% of
the energy to be transferred to acceptor. However, if the donor and acceptor are separated
by a longer distance, R0 >>1.5, energy transfer is impossible, leaving emission from only
the donor. Ro is Förster radius of energy transfer, which is the distance between donor
and acceptor at which 50% of energy is transferred to the acceptor. R0 is typically
between 20–60 A° (2–6 nm). Dabs: Donor absorbance; Dems: Donor emission; Aabs:
Acceptor absorbance; Aems: Acceptor emission. Modified from (Gadella et al. 1999).
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Figure 5. The BIFC Principle
The YFP fluorophore is split into N-terminal (YN) and C-terminal (YC) halves. Potential
positive interacting partners A and B are fused to YN and YC fragments of YFP,
respectively. In the absence of an interaction between A and B, the fluorophore halves
remain non-functional. However an interaction between A and B reconstitutes a
functional fluorophore which exhibits emission of fluorescence upon excitation with an
appropriate wavelength. Modified from (Bhat et al. 2006).
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CHAPTER TWO: ARABIDOPSIS LNK2 BINDS SON1 AND PLAYS A ROLE IN
PATHOGEN DEFENSE
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ABSTRACT
Mutation of the Arabidopsis SON1 F-box protein gene activates a cryptic pathogen
defense pathway, with unknown function in wild-type plants. Because SON1 contains an
F-box domain, we predicted its participation in a SON1-SCF ubiquitin ligase complex
that recruits specific proteins for proteolysis. We show that SON1 specifically binds the
Arabidopsis LNK2 protein, and define the interaction domains in each protein. The
interaction of LNK2 with SON1 suggests that SON1-dependent ubiquitination and
proteasomal degradation may control LNK2 abundance. Recent works by others showed
LNK2 and a paralogous gene, LNK1, to be widely distributed in embryophyte seed and
spore plants, and to regulate circadian rhythm, flowering, and photo-morphogenesis.
Because SON1 is implicated in plant defense, we assessed lnk mutants for susceptibility
to a virulent oomycete pathogen, Hyaloperonospora arabidopsidis (Hpa), and found less
disease development and host callose deposition around haustoria, suggesting LNK
protein involvement in repressing host defenses or in enabling pathogen colonization. To
confirm that lnk1 lnk2 mutant phenotypes were a consequence of LNK mutations, we
introduced the wild type LNK1 and LNK2 genes and observed genetic complementation
and restoration of a WT phenotype for most phenotypes, but also uncovered differences
between the genes, indicating specialization of function.
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INTRODUCTION
Although their ancestors first colonized land over 400 million years ago (mya), modern
plants still display many of the inherited adaptations that were acquired to resist the
diverse biotic and abiotic stressors which accompanied their expansion into terrestrial
habitats. One of the foremost challenges early land plants faced was to manage water loss
to the atmosphere, which was alleviated in part by evolution of a waxy cuticle and
regulated stomatal complexes that control leaf gas exchange. The colonization of land by
ancient plants would also have presented opportunities for the evolution of microbes that
consumed plants’ nutritional reserves, and plant populations are likely to have responded
through the coevolution of defenses against these early pathogens. Plant defenses may
also have been deployed at the openings into leaves formed by stomata, which are known
to be exploited by modern pathogens for invasion into or egress from host plants (Coates
and Beynon, 2010). The presence of pathogen defenses at the stomatal interface has been
shown in studies that demonstrate guard cell closure upon pathogen perception, and also
presumed pathogen counter-strategies to overcome these responses (Melotto et al., 2008;
Roden and Ingle, 2009; Zhang et al., 2013).
Other pathogen-induced plant defenses include an adaptive immune system (Jones and
Dangl, 2006), powerful host-specific or gene-for-gene defense systems (Van der Biezen
and Jones, 1998; Gururania et al., 2012), and systemic acquired resistance (SAR) that
confers whole-plant induced resistance against a broad range of pathogens (Ryals et al.,
1996; Durrant and Dong, 2004). SAR is activated by pathogen-induced accumulation of
endogenous

salicylic

acid

(SA)

and

signaling
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through

the

NIM1/NPR1

protein (Cao et al., 1994; Delaney et al., 1995; Cao et al., 1997; Ryals et al., 1997), and is
accompanied by induction of a large number of putative defense or SAR genes (van Loon
et al., 2006). Plants carrying nim1/npr1 mutations or that are unable to accumulate SA are
defective in induction of SAR yet still express substantial residual disease resistance,
indicating the existence of important, SAR-independent resistance pathways (Gaffney et
al., 1993; Delaney et al., 1994; Rairdan et al., 2001).
To identify genes involved in SAR-independent defense pathways, we previously
performed genetic suppressor screens in mutagenized Arabidopsis thaliana nim1-1
seedlings and discovered the son1-1 mutant, which displays pathogen resistance that is
independent of SAR (Kim and Delaney, 2002). The SON1 gene (At2g17310) encodes an
F-box protein with conserved amino-terminal F-box domain, and carboxyl-terminal,
plant-specific FBA1 domain (F-Box Associated domain-1). F-box proteins are essential
components of SkpI/Cullin/F-box/RBX1 (SCF) E3 ubiquitin ligase complexes and the Fbox protein subunit dictates specific substrate protein recognition by the complex. Upon
binding to a cognate substrate protein(s), the F-box/substrate protein pair assembles with
the SCF core complex, and ubiquitin is covalently attached to the target protein,
ultimately destining it for degradation through 26S proteasome activity (Lechner et al.,
2006). F-box gene families in plants can be very large, with over 690 predicted members
in Arabidopsis (Gagne et al., 2002; Xu et al., 2009), suggesting that plants rely heavily
upon targeted proteolysis for control of gene expression. Plant F-box proteins have been
shown to function in diverse processes, including hormonal signal transduction, floral,
shoot

and

root

development,

pollen

recognition, light signaling, circadian
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rhythm, and plant defense (Wang et al., 2004; Lechner et al., 2006). Specific substrate
recognition by F-box proteins is achieved through a variety of C-terminal substratespecific interaction domains, which in SON1 is likely provided by the FBA1 domain,
which is also found in about 113 other Arabidopsis F-box proteins (Gagne et al., 2002;
Xu et al., 2009). A few members of the F-box-FBA1 family have been investigated, and
SON1, CEG, and DOR were shown to function in defense regulation, auxin-mediated
lateral root development, and abscisic acid-induced stomatal closure, respectively (Kim
and Delaney, 2002; Dong et al., 2006; Zhang et al., 2008).
To identify SON1-interacting proteins that may be substrates for an SCF complex, we
used SON1 as interaction bait in yeast-two-hybrid system screens, and discovered a
protein encoded by the At3g54500 locus (LNK2) that interacts strongly and specifically
with SON1 in yeast cells.
In planta interaction was confirmed in transiently transformed plant cells using the splitYFP system, which showed LNK2 and SON1 proteins to interact within plant cells, and
to do so within nuclei. LNK2 and a paralogous gene, LNK1 (At5g64170), were previously
suggested to encode regulators of the circadian clock (Rugnone et al., 2013). LNK1 and
LNK2 homologs appear to be restricted to embryophyte plants, ranging from seed plants
to spore plants, including reference moss and lycophyte species (Rugnone et al., 2013).
LNK1 and LNK2 mRNA abundance can be inferred through transcriptional profiling
experiments that have been performed using the ATH1 whole-genome microarray chip
from Affymetrix Inc., collated and viewed using the eFP Browser (Winter et al., 2007).
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Those data show LNK1 and LNK2 mRNA to accumulate in many plant tissues, including
stomatal guard cells (GCs) (Yang et al., 2008). Direct tests of LNK1 and LNK2 promoter
activity were also conducted in transgenic Arabidopsis plants that contain either of the
promoters fused to the -glucuronidase (GUS) reporter gene (Xie et al., 2014), which
also showed LNK promoter activity in seedling vegetative tissues, and in our studies, also
in reproductive tissue and stomatal GCs. To assess LNK function, Rugnone et al., (2013)
examined publically available T-DNA generated lnk1-1 and lnk2-1 mutants, and the lnk1
lnk2 double mutant, for light-sensitive developmental phenotypes, and found white and
red light-mediated inhibition of hypocotyl elongation to rely mostly upon LNK1 activity,
with LNK2 playing a lesser but additive with LNK1 role in this response. By contrast,
blue-light inhibition of hypocotyl elongation was not mediated by LNK activity. LNK1
and LNK2 were also found to play an important role in flowering in long days but not in
short days, as the lnk1 lnk2 double, but not either single mutant was very delayed in
flowering. Our studies confirmed the observations reported by Rugnone et al., though we
also observed delayed flowering in lnk1-1 lnk2-4 plants grown under short day (SD,
8L:16D) conditions. Like Rugnone et al., we did not observe an abnormal flowering
phenotype in the single mutants, supporting their suggestion that LNK1 and LNK2 are
genetically redundant for this trait. We employed the same lnk1-1 T-DNA generated
mutant as Rugnone et al., but used a different T-DNA mutant allele in LNK2 (lnk2-4).
Both lnk1-1 and lnk2-4 contain T-DNA insertions within exon sequences in the
respective genes (Figure S1).
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Because LNK2 physically interacts with the SON1 F-box protein, which regulates an arm
of the pathogen defense network, we compared pathogen growth and host defenses in lnk
mutant and wild-type (WT) plants following inoculation with the virulent oomycete
pathogen Hyaloperonospora arabidopsidis (Hpa). We observed less hyphal development
and sporulation in lnk1 and lnk2 compared to WT, suggesting a role for LNK genes in
inhibiting host defense or in supporting pathogen growth. Host callose deposition around
Hpa haustoria was also affected, and reduced in lnk mutant plants. To confirm that the
phenotypes described were a consequence of lnk1 and lnk2 mutations, we introduced
wild type LNK1 or LNK2 genes into lnk1 lnk2 plants, and observed restoration of the WT
phenotypes for each of the traits described, though for some traits differences were
observed in the ability of LNK1 or LNK2 to complement the double mutant phenotype,
suggesting that the two genes are not fully redundant and have specialized functions.

RESULTS
SON1 interacts specifically with LNK2
To identify SON1-binding proteins, and thus potential substrates of a putative SON1-SCF
complex, we used a yeast-two-hybrid (Y2H) screen, by fusing the SON1 full-length ORF
to the Gal4 DNA-binding domain (DBD) sequence contained in vector pGBKT7
(Clontech Laboratories). Arabidopsis cDNA libraries that express transcript products
fused to the Gal4 activation domain (AD) were transformed into AH109 yeast cells that
contained the SON1-DBD construct.
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Yeast clones that contained SON1-interacting cDNA products were identified by growth
on selective media deficient for histidine and adenine (see Methods). A SON1-interacting
clone was detected that encodes a 440-amino acid fragment of LNK2 (At3g54500; a.a.
209-648). The interaction with SON1 was specific, because yeast clones containing the
AD-LNK2 fragment failed to grow under selection if they also contained the empty
pGBKT7 DBD vector, a DBD-p53 fusion protein, or an arbitrary other Arabidopsis Fbox-DBD fusion protein (Dill et al., 2004)Figure 2. 1 A (i)). To assess whether LNK2SON1 interaction occurred within living plant cells, each protein was fused to a fragment
of the yellow fluorescent protein (YFP), and used in the split-YFP assay that included
full-length SON1 and LNK2 proteins fused to the amino or carboxyl fragments of YFP,
to form SON1-YFPN and LNK2-YFPC, respectively (Xie et al., 1998). Both constructs
were introduced into Agrobacterium tumefaciens strains that were co-infiltrated into
tobacco leaves.
We observed reconstituted YFP fluorescence only in leaves that contained both SON1YFPN and LNK2-YFPC (Figure 2.1B), indicating in-planta interaction between SON1
and LNK2. Fluorescence was observed predominantly in the plant cell nuclei, shown by
co-localization of the reconstituted YFP with DAPI-stained nuclei (Figure 2.1B).
Interaction domains in SON1 and LNK2
SON1 contains several conserved regions, including the F-box and FBA1 domains. To
identify LNK2-binding regions, seven, approximately 50-amino acid long fragments of
SON1 were cloned into pGBKT7 and tested for interaction with full-length AD-LNK2.
Yeast growth on selective medium was

observed in yeast cells that contained
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LNK2 plus the SON1 F-box domain (a.a. 1-50), an intermediate region (IR; a.a. 100150), or part of the FBA1 domain (a.a. 310-370), shown in Figure 2.1A (ii) and
summarized in Figure 2.2E.
It is evident from an amino acid alignment of LNK family proteins (Figure S2) that
several sub-regions of especially high primary structure conservation exist. To identify
regions within LNK2 that participate in SON1 binding, we subdivided the LNK2 gene
into several pieces, cloned those fragments into the AD-domain containing pGADT7
vector, and tested each AD-fusion protein for binding to full-length DBD-SON1 in the
Y2H system. Positive interaction was observed for those LNK2 fragments that included
a.a. 387-568 (Figure 2.1A (iii)), while truncations of either end of this region prevented
binding, defining this 182-a.a. region as sufficient for SON1 binding.
LNK2 binds SON1 paralog subdomains but not full-length proteins
SON1 is within a subfamily of approximately 113 Arabidopsis F-box proteins that
contain an FBA1 domain. From that group, we selected the four most closely related
SON1 paralogs, At1g58090, At3g16555, At3g17710, At3g18340, plus a fifth more
distant member (At3g18910) to use as an outgroup in a phylogeny of SON1-related
proteins (Figure S3, Figure S4). The four paralogs most closely related to SON1 were
cloned into pGBKT7 to create DBD-fusion proteins that were characterized for ADLNK2 binding. None of the full-length SON1 paralogs bound to LNK2, demonstrating a
high degree of specificity of LNK2 for SON1 (Figure 2.2A).
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Because domain mapping studies showed LNK2 interaction with three regions of SON1
derived from the F-box, IR, and FBA1 subdomains, we tested the corresponding regions
in each SON1 paralog in isolation for ability to interact with LNK2. Interestingly, though
LNK2 did not bind to the full-length SON1 paralog proteins, it did bind to most of the
paralogs’ F-box domains and to all of the FBA1 regions. The only IR region that bound
LNK2 was that from SON1 (Figure 2.2 B-D).
LNK genes are conserved and duplicated in embryophyte plants
To assess the phylogenetic distribution of LNK-like genes, we queried protein sequence
databases using the 182-a.a. segment (a.a. 387-568) of LNK2 that interacted with SON1.
The query revealed the existence of a LNK2 paralog, LNK1. LNK1 and LNK2 homologs
were found in a large and phylogenetically diverse group of terrestrial plants that include
bryophyte, lycopod, gymnosperm and angiosperm representatives (Supplementary Table
SI), but none were detected from algal, fungal, animal or bacterial taxa. The alignment of
LNK-like proteins also shows that the SON1-interacting region of LNK2 corresponds to
the most highly conserved segment among homologs from diverse plant species (Fig.
S2). Phylogenetic analysis of the LNK gene family was performed on an alignment of 24
full-length protein sequences using MAFFT (Katoh et al., 2002),(Katoh et al., 2002) and
the most reliably aligned sub-segments were used to deduce a phylogeny using Bayesian
inference (Figure 2.3), which was similar to the maximum likelihood inferred phylogeny
of LNK genes shown in Rugnone et al. (2013). From the inferred phylogeny, it is evident
that the LNK1 and LNK2 genes in flowering plants form two distinct clades that derive
from a gene duplication event that preceded

the divergence of monocot and eudicot
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species (Figure 2.3). In some genera, one of the genes underwent more recent
multiplication events to generate additional gene family members (e.g. Populus, Vitis,
and Zea).
The presence of both LNK1 and LNK2 orthologs in most or all embryophytes indicates
that an ancestral LNK gene was duplicated early in plant evolution, and their conservation
suggests that the duplicate genes may have essential roles in plants and may have
acquired non-redundant functions.
LNK1 and LNK2 modulate pathogen defense response
Because LNK2 interacts with the defense-regulator SON1, we examined lnk mutants for
altered disease phenotypes; using the virulent oomycete pathogen Hyaloperonospora
arabidopsidis (Hpa) isolate Noco5 in lnk1, lnk2, lnk1 lnk2 double mutants, and WT
plants. A week after inoculation with an Hpa conidial suspension, leaves were stained
and cleared to reveal the extent of hyphal development, and stained with aniline blue to
reveal host callose deposition around haustoria, as described (Donofrio and Delaney,
2001). WT plants showed the typical symptoms and signs of downy mildew disease, with
abundant hyphal development and conidiophore production, and host callose
encasements around Hpa haustoria. Hyphal development was less in lnk2 hosts, and
lowest in lnk1 and lnk1 lnk2 plants, compared to WT (Figure 2.4 A-L), suggesting that
differences may exist between LNK1 and LNK2 genes in inhibiting resistance or
supporting oomycete growth. Host callose accumulation around haustoria also differed
between genotypes, with the lnk1 and lnk1 lnk2 double mutant exhibiting fewer and
thinner

callose

encasements

around

haustoria, compared to WT or lnk2 plants
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(Figure 2.4), similar to observations of reduced callose deposition in defensecompromised Arabidopsis nim1-1 and NahG plants (Donofrio and Delaney, 2001).
To quantitatively assess pathogen growth, conidiophore and conidiospore production was
measured in WT, lnk1, lnk2, and lnk1 lnk2 double mutant plants. Conidiophore
production is a reliable way to assess pathogen success in its vegetative life cycle, so this
trait was used to assign to each plant a disease rating based on the abundance and
distribution of these structures (Dietrich et al., 1994; Donofrio and Delaney, 2001). In
each of seven trials, 20 plants of each genotype were inoculated, and seven days later
assigned one of four disease ratings, as described in the Figure 2. 5 caption. The overall
disease severity in each set of twenty plants was described by the Percent Disease
Incidence (PDI) metric (Devi and Marimuthu, 2011) that incorporates the fraction of
plants at each DR rating, weighted by the DR value of that group as described in
Experimental Procedures, to generate a population PDI value that ranges from zero (no
disease) to one-hundred (most severe and extensive disease). Significantly lower PDI
values (P < 0.001) were observed in populations of lnk1 and lnk1 lnk2 plants compared to
WT or lnk2 mutants, demonstrating a role for LNK1 in suppressing host defense or in
supporting pathogen growth (Figure 2.5A, B). In several of the pathogen growth trials,
we also examined conidiospore production, and found that lnk1, lnk2 and the lnk1 lnk2
double mutant each produced fewer conidiospores (Figure 2.5C), consistent with the
results obtained for PDI, and implicating both LNK1 and LNK2 in host defense
suppression or in supporting pathogen sporulation.
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Complementation of the lnk1 lnk2 mutant phenotype with WT genes
To test whether that the phenotypes observed were a direct consequence of mutations in
LNK1 and LNK2, we stably transformed lnk1 lnk2 plants with WT LNK1 or LNK2 genes
under control of the CaMV-35S promoter, using A. tumefaciens. Transgenic lnk1 lnk2
plants that expressed LNK1 or LNK2 genes (Figure S6) displayed WT-levels of pathogen
growth and sporulation, as indicated by hyphal staining, PDI and conidiospore
production, confirming that the pathogen growth phenotypes in lnk mutants are a
consequence of mutation in those genes, and also demonstrating that either gene was
sufficient to complement the lnk1 lnk2 defense phenotype (Figure 2.4, Figure 2.5). We
also examined the lnk1 lnk2 long hypocotyl and late flowering phenotypes reported by
Rugnone et al (2014), which we also observed in our own studies. Introduction of either
LNK1 or LNK2 was sufficient to fully rescue the long hypocotyl lnk1 lnk2 phenotype, as
lnk1 lnk2/35S:LNK1-GFP and lnk1 lnk2/35S:LNK2-GFP transgenic plants had
hypocotyls that were not statistically significantly different in length compared to WT
(Figure 6 A, B). In contrast, the lnk1 lnk2 late-flowering phenotype was only partially
rescued by LNK1 or LNK2, as the transformants (lnk1 lnk2/35S:LNK1-GFP or lnk1
lnk2/35S:LNK2-GFP plants, respectively) showed only a modest reduction in the number
of rosette leaves at bolting (Figure 2.6D), suggesting that LNK1 and LNK2 are not fully
equivalent in their ability to regulate flowering time. Rugnone et al (2014) used RNAsequencing (RNA-seq) to infer transcript abundance in lnk1 lnk2 plants for several floral
regulator genes, and found reduced levels of FKF1, FT, and SOC1 flower-promoting
gene transcripts, and slightly reduced levels of CO.
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We used real-time quantitative reverse transcription PCR (qRT-PCR) to examine mRNA
abundance for several floral regulators, and observed reduced CO and FT levels, and
found higher amounts of the floral repressor gene FLC (Figure 2.6E).
SON1 and LNK1/2 promoter activity and protein localization
To assess transcription patterns, transgenic plants were created that contain the LNK1 or
LNK2 promoters fused to the GUS reporter gene. Using this approach, Xie et al. (Xie et
al., 2014) showed widespread LNK promoter activity in seedling vegetative tissue, which
was confirmed in our studies. We also observed GUS activity in guard cells, and in the
flowers and siliques of mature plants (Figure 2.7). To assess localization of SON1,
LNK1, and LNK2 proteins, we fused the coding sequences of each to the enhanced GFP
(eGFP) gene, and introduced each construct into tobacco leaf cells using A. tumefaciens.
Each of the proteins accumulated in leaf cell nuclei, which were co-visualized using
DAPI staining of chromatin (Figure S5), corroborating our split-YFP results that showed
nuclear localization and association between SON1 and LNK2 (Figure 1B). Nuclear
localization of LNK1-GFP and LNK2-GFP proteins was also observed by in our
transgenic lines (Figure S6) and by (Xie et al 2014).

DISCUSSION
The SON1 F-box protein specifically binds to LNK2, which with its ortholog LNK1,
have been implicated in circadian rhythm regulation. Because mutation of SON1
activates plant defense, we postulated that LNK2, and possibly also LNK1 have roles in
pathogen defense.
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Our mutant analysis indicated additive effects of LNK1 and LNK2 in pathogen growth
assays, as each single mutant showed reduced disease, conidiospore production, and host
callose deposition around Hpa haustoria compared to WT plants.
The lnk1 mutant showed the greatest reduction in disease development (PDI) compared
to lnk2 or WT, suggesting a greater role for LNK1 than LNK2 in determining disease
severity.
Because WT plants showed greater hyphal development and sporulation than lnk1 lnk2
plants, LNK proteins may function to suppress host defenses or to enable pathogen
growth. In complementation tests, we examined lnk1 lnk2 plants transformed with WT
LNK1 or LNK2 genes following Hpa infection, and observed WT levels of pathogen
growth, confirming a role for LNKs in modulating defense responses or enabling
pathogen growth.

Possible roles of LNKs in plant defense
Reduced conidiophore production in lnk1 lnk2 plants suggest a possible role for LNKs in
stomatal defenses that impede pathogen egress, since LNK promoters are highly active in
guard cells and Hpa utilizes stoma for sites of conidiophore emergence.
Because many pathogens invade through stomata and some manipulate stomatal aperture
(Melotto et al., 2006; Arnaud and Hwang, 2015), the expression of plant defenses at these
sites would seem to be an adaptive innovation by plants. Therefore, a role for LNK
proteins in guard cells may be to modulate guard cell defenses or the circadian regulation
of stomatal aperture, thus restricting pathogen ingress or egress at those sites.
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Evidence in support of this hypothesis includes the high level of LNK gene expression in
guard cells, the binding of LNK2 to SON1, and the well-established role of circadianregulation of stomatal functions (Gorton et al., 1993; Webb, 2003; Dodd et al., 2005;
Yakir et al., 2011).
It is also possible that LNKs function during haustoria formation, since LNK2 expression
was found to be induced about three-fold in the early stages of Golovinomyces
cichoracearum infection when haustoria differentiation is underway (Fabro et al., 2008).
Reduced growth of Hpa in lnk1 lnk2 plants may be connected to altered circadian clock
regulation of pathogen resistance, a defense strategy that is becoming increasingly
recognized (Bhardwaj et al., 2011; Wang et al., 2011b; Goodspeed et al., 2013; Zhang et
al., 2013).
Because plant defense responses can consume substantial resources, plants appear to have
evolved diurnally-regulated defenses that are active at times of day or night when
pathogens are most likely to invade, and plants are most susceptible (Tommerup, 1981;
Roden and Ingle, 2009). Being transcriptional co-activators of the circadian clock (Xie et
al., 2014), LNK1 and LNK2 may be involved in diurnal control of pathogen defense gene
expression, consistent with supplementary RNA Seq data shown by Rugnone et al.
(2013) that revealed large-scale changes in transcript abundance in lnk1 lnk2 for multiple
pathogen defense-related genes, including those important in defense against bacterial
pathogens (FLS2) and Hpa (RPP4 and RPP5), and salicylic acid signaling and SAR
(ICS1) (Wildermuth et al., 2001; van der Biezen et al., 2002; Kanzaki et al., 2003;
Chinchilla et al., 2006; Noel et al., 2007;

Sun et al., 2013a).
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The promoters of these genes are enriched with clock regulatory elements, and show
rhythmicity in expression (Sharma and Bhatt, 2015), providing further evidence for a role
of LNKs in regulating the diurnal expression of these genes. Induction of plant defense
genes such as the PAMP receptor FLS2 is a critical part of the activities leading to
PAMP-triggered immunity (PTI) and callose deposition (Nicaise et al., 2009). Indeed
callose deposition is not only a pathogen-associated molecular pattern (PAMP) triggered
response, but also endogenously regulated (Gomez-Gomez and Boller, 2000; Bhardwaj et
al., 2011; Luna et al., 2011). Also callose depositions at the sites of pathogen penetration
can to contribute to successful penetration resistance (Aist, 1976; Bayles et al., 1990).
Studies of the callose synthase POWDERY MILDEW RESISTANT (PMR4) gene in A.
thaliana revealed that misregulation of callose deposition can lead to an altered defense
response, as pmr4 mutants showed no callose deposits at sites of attempted fungal
penetration, but an unexpected increase in resistance to the powdery mildew species
Golovinomyces cichoracearum (Gc) and Golovinomyces orontii (Jacobs et al., 2003;
Nishimura et al., 2003). However, analysis of PMR4-overexpression Arabidopsis lines
suggests that PRM4-dependent early and enhanced callose deposition confers complete
penetration resistance in Arabidopsis (Ellinger et al., 2013). Also the loss of wild-type
PRM4 activity seen in prm4 mutants can lead to weak callose deposition and hyper
activation of SA-dependent defense responses (Ellinger et al., 2013). It is therefore likely
that the observed defense responses in lnk mutant may also be influenced by altered
callose deposition response.
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SON1-LNK2 interaction domains and implication for regulating LNK turnover
F-box proteins determine substrate specificity to SCF ligase-targeting of proteins for
destruction, and can thus be thought of as the “brains” of the system.
In any organism, the family consists mostly of “orphan” F-box proteins that have no
known proteins targets, nor defined interaction mechanisms.
In Arabidopsis, more than 95% of the predicted 690 F-box proteins can be considered
orphan. F-box proteins are modular, and the simplest include just the namesake domain
and a second, substrate recognition region. The mechanisms that govern substrate
recruitment are known for relatively few F-box proteins, and based on a growing set of
understood F-box protein-substrate pairings, these mechanisms have been found to be
extremely variable (Skaar et al., 2013b). LNK2 is a putative target for SON1, one of the
113 orphan F-box-FBA-1 proteins in Arabidopsis. Dissection of the LNK2-SON1
binding domains can shed light in the interaction mechanism involved in binding between
these proteins. SON1 and closely related proteins are modular, with discrete F-box and
FBA-1 domains, plus a third less conserved intermediate region (IR). LNK2 bound the
SON1 full-length protein, as well as isolated subfragments that included the F-box, IR or
FBA1 subdomains. Interestingly, although full-length, closely related SON1 paralogs did
not bind LNK2, the isolated F-box and FBA1 subdomains from some did. The SON1 IR
region was unique among the paralogs in its ability to bind LNK2, suggesting that this
region of SON1 may play an important role in mediating SON1-LNK2 protein-protein
interactions.
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We speculate that the failure of full-length SON1 paralogs to bind LNK2 is a
consequence of intraprotein interactions that block their F-box and FBA1 subdomains.
Specific binding of LNK2 to SON1 may thus be determined by their initial interaction via
the SON1 IR, and that binding may facilitate additional involvement of other
subdomains. Significant precedence exists for the regulated unfolding of modular
proteins, often mediated by a less conserved modular elements within the folded protein
(Schultz and Natarajan, 2013).
By this model, the SON1 IR region would determine its precise interaction with LNK2,
and enable specific targeting of LNK2 by a SON1-SCF complex leading to its
ubiquitination and proteasomal degradation. Because LNK1 is homologous to LNK2, it
may also be targeted by a distinct F-box protein and be regulated through proteasomal
degradation.

Why Two LNK Genes?
The deep evolutionary origin and restriction of LNK genes to terrestrial plants is
intriguing, and the widespread distribution and conservation of orthologs suggest
important functions for these genes in plants. It seems paradoxical that in floral induction,
LNK1 and LNK2 appear redundant, as only the lnk1 lnk2 double but neither single
mutant is extremely delayed, while embryophyte plants have retained both LNK1 and
LNK2 orthologs, suggesting neither is dispensable. However, in pathogen defense assays
and measurements of light-inhibition of hypocotyl elongation, LNK1 plays a larger role
than LNK2, based on the stronger mutant phenotype displayed by lnk1 plants, suggesting
the genes are not equivalent.
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In addition, complementation tests demonstrated differences in the ability of LNK1 and
LNK2 genes to rescue specific aspects of the lnk1 lnk2 double mutant phenotype, such as
in restoration of normal flowering time, in which LNK1 was more effective than LNK2.
Together, results indicate that LNK1 and LNK2 are not equivalent, and suggest that
following

an

ancient

duplication

event,

the

descendent

genes

underwent

neofunctionalization or subfunctionalization processes that led to each gene acquiring
dedicated and presumably essential functions, explaining the conserved presence of both
genes in embryophytes (Doyle et al., 2008; Flagel and Wendel, 2009). Greater
understanding of LNK protein function and their potential regulation through
proteasomal degradation will facilitate rational approaches to manipulating important
agronomic traits, including flowering time, grain production, and disease resistance.
EXPERIMENTAL PROCEDURES
Plant growth conditions and genetics
Arabidopsis thaliana plants were grown in climate-controlled growth chambers at 22°C
under mixed VHO cool-white fluorescent and incandescent lights, under long day (LD)
conditions, which provided daily 16-hr light and 8-hr dark periods, unless otherwise
described. For growth under short day (SD) conditions, plants were grown with 8-hr light
and 16-hr dark periods. Plants were grown on commercially prepared soil mix (Metromix
360, Sun Gro Horticultural), unless indicated. T-DNA insertion lines (Alonso et al.,
2003) Salk_024353C and Salk_118524, corresponding to lnk1-1 and lnk2-4 mutants
respectively, were obtained from the Arabidopsis Biological Resource Center (ABRC) at
Ohio State University, Columbus, OH.
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The lnk1 lnk2 double mutant was generated by crossing lnk1-1 to lnk2-4. PCR was used
to identify homozygous, and double mutant genotypes using the oligonucleotide primers
listed in Supplementary Table S2. Nicotiana benthamiana (tobacco) plants used for splitYFP assays were grown in LD growth conditions for 5 weeks before use.

Plant phenotype assessment
Determination of Arabidopsis developmental stage at flowering was assessed by counting
the number of rosette leaves at the time of bolting, for plants grown under LD, SD or
continuous light. Measurements of hypocotyl length were made on 5-day old seedlings
grown on half-strength Murashige and Skoog (1962) medium (Sigma M5524) made with
0.8% Phytoblend agar (Caisson Laboratories), in 12 h light:12 h dark conditions. Plants
grown on MS-agar plates were stratified for three days at 4oC prior to placing into the
growth chamber.

Molecular cloning methods and transgenic plant production
Standard methods were used for bacterial culture, molecular cloning and PCR (Green and
Sambrook, 2012). Oligonucleotide primers used in recombinant DNA techniques and
qRT-PCR are listed in Supplementary Table S2. To generate yeast-two hybrid (Y2H)
constructs for expression in yeast as GAL4-DBD fusion proteins, vector pGBKT7
(Clontech Laboratories) was used as a cloning recipient for SON1, SLY1, and SON1
paralog (At3g16555, At3g17710, At3g18340 and At3g58090) sequences.
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The CD4-22 Arabidopsis cDNA-prey library, derived from three-day-old etiolated
Columbia seedling mRNA, was obtained from the ABRC stock center. LNK2 subfragments were cloned into the pGADT7 vector (Clontech Laboratories) to generate
GAL4-AD fusion proteins. The pGBKT7-p53 control vector was obtained from Clontech
Laboratories.
For split-YFP assays, the SON1-YN and LNK2-YC fusion protein constructs were
generated by cloning SON1 and LNK2 into the Gateway compatible vectors pSAT4DEST-n (1-174) EYFP-C1 and pSAT5-DEST-c (175-end) EYFP-C1(B), which possess
N-terminal or C-terminal fragments of enhanced yellow fluorescent protein, respectively
(ABRC number CD3-1089 and CD3-1097). Stably transformed plants were created using
the Agrobacterium tumefaciens-mediated floral dip transformation method (Clough and
Bent, 1998), to introduce into lnk1 lnk2 plants, 35Spro:LNK1-GFP or 35S:LNK2-GFP
carried on vector pB7WGF2 (Karimi et al., 2002), or into wild type Col-0,
LNK1pro:GUS/GFP and LNK2pro:GUS/GFP, carried on vector PBGWFS7 that confers
Basta resistance (Karimi et al., 2002). Detection of GUS activity in transgenic plants is
described in Supplemental Information. For protein localization assays, both LNK genes
or SON1 were cloned into pB7FWG2 and pB7WGF2 (Karimi et al., 2002), respectively,
to create 35Spro:LNK1-GFP, 35Spro:LNK2-GFP, and 35Spro:GFP-SON1, which
contain an enhanced GFP cassettes fused to each gene of interest. pXB2FS7 that
expresses GFP-GUS was used as control (Karimi et al., 2002).
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Yeast 2-hybrid interaction screens
Y2H interaction experiments were performed using the AH109 (Clontech Laboratories)
yeast strain that is auxotrophic for adenine (Ade), histidine (His), leucine (Leu) and
tryptophan (Trp), and contains four GAL4-responsive genes (ADE2, HIS3, lacZ, and
MEL1) that enable selection for positive bait-prey interactions by growth on adenine and
histidine-deficient media.
Yeast growth and transformation was performed as specified by the manufacturer
(Clontech Laboratories), and selection performed on media deficient in Trp and Leu to
select for both vectors, and His and Ade to select for interacting hybrid proteins. LNK2
was identified from the Gal4-AD-CD4-22 cDNA prey library. Targeted interaction
assays involving full-length or truncated SON1 or SON1 paralog sequences, tested
against the LNK2 protein, were conducted by testing yeast cells co-transformed with bait
and prey-expressing plasmids for ability to grow in the absence of leucine, tryptophan,
histidine and adenine. Additional details of yeast strains, screens, and constructs tested
are provided as Supplemental Information.

Quantitative RT-PCR
To assess relative gene expression levels, plants were grown at 22° C for 14-days under
12-h light/12-h dark cycles, transferred to continuous white light for three days, then
tissue collected on the subjective morning of the third day. Total RNA was extracted
using the RNeasy Plant Mini Kit (Qiagen), treated with TURBO DNA-free™ Kit (Life
Technologies), and one microgram of RNA

was reverse transcribed with the iScript™
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cDNA Synthesis Kit (Life technologies), according to manufacturers’ instructions.
Synthesized cDNAs were ampliﬁed with Power SYBR® Green Master Mix (Applied
Biosystems) using the StepOnePlus™ Real-Time PCR System (Applied Biosystems).
Quantitative RT-PCR (qRT-PCR) was performed using the comparative CT method of the
StepOnePlus™ Real-Time PCR System (Life Technologies). Gene transcript levels were
normalized to ACTIN2 transcript levels.
Published CO, FT, ACTIN2 and FLC primer sequences used are listed in Table S2 (Lu et
al., 2012).

Split-YFP and protein localization assays
5-week–old tobacco (N. benthamiana) leaves were used for split-YFP assays. Individual
SON1-YN and LNK2-YC constructs were transformed into A. tumefaciens strain
GV2260 by the freeze and thaw method (Hofgen and Willmitzer, 1988), and presence of
constructs confirmed by colony PCR using gene-specific primers (Table S2). Split-YFPpositive A. tumefaciens clones were grown 48 hours in Lysogeny Broth (LB) medium
(Green and Sambrook, 2012) with appropriate antibiotics, and a 1:50 dilution made in LB
containing 10 mM 2-(N-morpholino) ethanesulfonic acid

(MES) and 100 μM

acetosyringone was grown for 16 hours. Cells were collected by centrifugation, and
resuspended in 10 mM MgCl2 infiltration buffer to a concentration of 1.0 OD600, as
described (Schutze et al., 2009). Working solutions were made by mixing suspensions of
A. tumefaciens strains containing clones of potential interacting partners, and the p19
plasmid that suppresses gene silencing of

introduced proteins (Voinnet et al., 2003),
70

at a 1:1:1 ratio. The mixture was incubated in the dark for 4 hours, and infiltrated into
tobacco leaves using a needleless syringe. Plants were returned to the growth chamber
after infiltration, and infiltrated leaves analyzed 48 to 72 hrs later.
To assess SON1, LNK1 and LNK2 protein localization, 35Spro: GFP-SON1,
35Spro:LNK1-GFP or 35Spro:LNK2-GFP constructs were prepared individually and
used for A. tumefaciens infiltration as above.
Fourth eight (48)-hours after infiltration, leaf discs from the infiltrated areas were stained
with DAPI and imaged using a Zeiss LSM510 META confocal scanning laser
microscope at the Microscopy Imaging Center at, the University of Vermont. Images
were captured using Zeiss LSM510 software and exported as TIFF files. Within a figure,
images may have been uniformly and linearly adjusted for brightness and contrast,
according to accepted journal practices.

Disease resistance assays
Hyaloperonospora arabidopsidis (Hpa) strain Noco5 was propagated as described
(Donofrio and Delaney, 2001). Noco5 is virulent on the Col-O accession of Arabidopsis,
which is the parental genotype of the plant lines used in the studies described. Fourteen
day-old, soil-grown seedlings were sprayed to imminent runoff with an Hpa spore
suspension in water (ca. 5×104 conidiospores/ml), using a Preval pressurized paint
sprayer (Precision Valve, Yonkers, NY, USA). To observe the network of hyphae, sevenday post-infection (DPI) leaves were stained using lactophenol trypan blue, as described
(Donofrio and Delaney, 2001).
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Callose deposition around Hpa haustoria within infected leaves was visualized using
aniline blue staining 7 DPI, and imaging under UV illumination as described (Donofrio
and Delaney, 2001), under which callose displays bright blue fluorescence. Differential
interference contrast (DIC) and fluorescence microscopy was performed using an
Olympus BX60 compound microscope and MNU filter block (360-370 nM excitation,
DM 400 nM dichroic, BA 420 nM long-pass filter) for viewing callose.
Images were obtained at 40X Olympus objectives using a SPOT Insight 2 color camera.
Disease ratings (DR) were assessed seven-days post-inoculation (DPI) of 14-day-old
plants by assessing conidiophore production on both sides of leaves, using a scale of 0-3,
as described in the caption to Figure 4. Percent disease incidence (PDI) was calculated
using the formula below (Devi and Marimuthu, 2011), which generates a value from
zero, to 100 as the population becomes maximally and completely infected.
Sum of (number of plants at each DR level weighted by their DR*)

X100

Product of the Total number of plants and Max DR value**
*Number of plants at a specific DR x the numeric value of that DR;
**Max DR=3
For example, if in a trial of 20 Hpa-inoculated WT plants, 2, 4, 6 and 8 plants were
assigned to DR= 0, 1, 2, or 3, respectively, the weighted values for plants at each DR
level would be 0, 4, 12 and 24, which sums to 40; the product of the total number of
plants (20) and Max DR (3) = 60; the calculated population PDI = (40/60) x100 = 66.7.
PDI was determined for each set of twenty inoculated plants per genotype, in seven
independent experiments, with similar results between trials.
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The mean PDI scores (± SEM) that combined all trials within a genotype, and the
expanded data sets are presented in Figure 4b and Figure 4c, respectively. Conidiospore
production was assessed in three of the seven trials described above, by excising and
weighing the aerial parts of the twenty plants, which were suspended in 1.0 ml distilled
water.

Conidiospore

number

was

quantified

using

an

improved

Neubauer

haemocytometer, and values divided by weight of the source tissue (Figure 3a). Three
trials were performed that compared twenty WT, lnk1, lnk2, and lnk1 lnk2 double mutant
plants, 7-DPI. The statistical significance of differences between genotypes was assessed
using one-way ANOVA.
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FIGURES

Figure 2. 1. LNK2 interacts specifically with SON1.
A) (i), Positive interaction between LNK2 and SON1, indicated by growth on selective
media of AH109 yeast cells that contain LNK2 (a.a. 209-648) fused to the Gal4-AD
(LNK2-AD), plus full-length SON1 fused to the Gal4-DBD (Sector 1). No growth was
observed in yeast containing LNK2-AD plus the empty bait vector pGBKT7 (Sector 2),
pGBKT7 containing mammalian p53 (Sector 3), or pGBKT7 containing the Arabidopsis
F-box factor SLY1 (Sector 4).
81

(ii) Delimitation of SON1 regions that interact with LNK2-AD: Sectors 1-7, respectively,
contain yeast cells that co-express LNK2-AD with DBD-fusions of SON1 protein
fragments spanning a.a. 1-51, 51-100, 100-150, 150-195, 195-250, 250-310, or 310-370;
results also summarized in Figure 2E. (iii) Minimal LNK2 sequences sufficient for
interaction with SON1: Sectors 1-5, respectively, contain yeast cells that co-express fulllength SON1-DBD and AD-fusions of LNK2 protein fragments spanning a.a. 209-325,
325-486, 487-648, 325-648, or 387-568.
B) In vivo protein-protein interaction between LNK2 and SON1 is demonstrated by splitYFP assays in N. benthamiana (tobacco) leaves co-infiltrated with A. tumefaciens strains
that deliver SON1 fused to the N-terminal half of YFP (SON1-YFPN), and LNK2 fused
to C-terminal half of YFP (LNK2-YFPC). Reconstituted YFP is not observed in cells
containing just LNK2-YFPC (right column). Plant cell nuclei are visualized by staining
with the DNA-fluorochrome DAPI and viewing under UV light. Merged YFP and DAPI
images show nuclear localization of the SON1-LNK2 complex. Scale bars: 10 µM.
Confocal images were captured from epidermal cell layers of infiltrated leaves, 2 to 3days after infiltration.

82

Figure 2. 2. Analysis of LNK2 binding to full-length SON1 and subdomains, or
SON1 paralogs’ subdomains.
All yeast cells contain LNK2-AD (LNK2 a.a. 209-648-AD), plus a hybrid protein
containing the DBD fused to: (A): Full-length SON1 (At2g17310) and close paralogs
At3g17710, At3g16555, At3g58090 or At3g18340, in sectors 1-5, respectively. In panels
(B to D), yeast cells contain the LNK2-AD, plus DBD-fusions to: isolated paralog F-box
domains, IR regions, or FBA1 regions, in panels B, C, and D, respectively. E): Summary
of Y2H results, subdomains tested, and results (“+”: positive interaction based on yeast
growth on selective media). The specific a.a. coordinates for each subdomain in SON1 is
shown, and for paralog proteins, in Supplemental Materials and Methods.
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Figure 2. 3.Consensus phylogenetic tree of LNK family proteins.
LNK genes are conserved and duplicated in diverse embryophytes, and restricted to
Kingdom Plantae. Phylogeny was generated using Bayesian inference, and rooted using a
Physcomitrella patens (bryophyte) gene. Posterior probability values are indicated to left
of each clade; bold lines indicate clades with values of 95 or greater. Scale: number of
expected changes in amino acid identity per site. Mirrored A and B clade structure in
angiosperms indicate duplication of an ancestral gene prior to divergence of monocot and
core eudicot species. Abbreviations: Arab_thal_A (LNK2), Arab_thal_B (LNK1),
Arabidopsis thaliana; Arab_lyra, Arabidopsis lyrata; Vitis vinifera; Rici_comm, Ricinus
communis; Medi_trun, Medicago truncatula; Popu_tric, P. trichocarpa; Oryz_sati, Oryza
sativa Indica; Sorg_bico, Sorghum bicolor; Pice_sitc, Picea sitchensis; Sela_moel,
Selaginella moellendorffii; Phys_pate, Physcomitrella patens. Suffixes “A” and “B” refer
to gene family members from the LNK2-like or LNK1-like clade of genes, respectively,
and are numbered if multiple genes exist within a clade for that species. Table SI lists full
taxon descriptions and protein accession numbers.
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Figure 2. 4. Growth of Hyaloperonospora arabidopsidis (Hpa) in WT and lnk mutant
plants.
Conidiophore and hyphal development is reduced in leaves of lnk1 (D - E) and lnk1 lnk2
(J-K) plants compared to WT (A-B), and lnk2 (G-H). Right column: Aniline blue-stained
leaves display host callose deposition around haustoria. Callose collars (C) and thick
encasements (TE) were reduced in infected leaves of lnk1 (F) and lnk1 lnk2 (L),
compared to WT (C), lnk2 (I) and lnk1 lnk2 lines complemented with WT LNK1 or
LNK2 genes (O and R, respectively). Leaf and hyphal morphology is shown by
combined DIC and fluorescence images in right column. Scale bars = 1 mm (middle
column) or 20 µM (right column).
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Figure 2. 5. Reduced Hpa disease severity and sporulation in lnk mutant plants.
Disease was assessed in plants seven-days after inoculation with an Hpa conidial
suspension. (A) Percent disease incidence (PDI) for each genotype is shown as the mean
(+/-SEM) of seven independent tests. (B) Expanded data showing for each genotype, the
percent of plants at each disease rating (DR) level (0: no conidiophores present; 1: one or
more leaves with 1-5 conidiophores; 2: one with five to twenty conidiophores; 3: two or
more leaves with five to twenty conidiophores). The Percent Disease Incidence (PDI)
calculation is described in Experimental Procedures.
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(C) Conidiospore production is reduced in lnk1, lnk2 and lnk1 lnk2 mutant plants
compared

to

WT

(Col-O).

Transgenic

lnk1

lnk2/35S:LNK1-GFP,

and

lnk1

lnk2/35S:LNK2-GFP show WT levels of spore production. Graphs show mean values +/SEM, and significant differences between genotypes by different letters over the bars (P
< 0.05), assessed using one-way ANOVA.
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Figure 2. 6. Complementation of lnk1 lnk2 long hypocotyl and late flowering
phenotypes.
A) Light Inhibition of seedling hypocotyl elongation is reduced in lnk1 lnk2 seedlings,
leading to a long hypocotyl phenotype, compared to WT (Col-O). Transgenic expression
in lnk1 lnk2 plants of either the LNK1 or LNK2 gene fused to GFP restores the hypocotyl
to a normal, WT length. Plants were grown under 12 hr white light and 12 hr dark
cycles. B) Mean hypocotyl length in WT (Col-O), lnk1 lnk2, and LNK1 or LNK2complemented double mutant lines.
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Different letters indicate the statistical significance of differences between means, as
determined by the Tukey multiple comparison test (P < 0.0001, for any A-B pair).
C) Flowering occurs late in lnk1 lnk2 plants, compared to WT plants. Middle pot contains
both a WT (left) and lnk1 lnk2 plant (right, black arrow). Plants were grown under longday conditions (18 hr light: 6 hr dark).
D) Rescue of the late-flowering phenotype in lnk1 lnk2 plant by transgenic expression of
LNK1 or LNK2. Late-flowering in lnk1 lnk2 plants is indicated by the increased number
of rosette leaves at the onset of bolting. Bars show the mean number of leaves at bolting
±SEM, in WT (Col-O), lnk1 lnk2, and LNK1 or LNK2-complemented double mutant
lines. Different letters show statistically significant differences between means, as
determined by the Tukey multiple comparison test (P < 0.0001 for all pairs, except a-b (P
< 0.05)). E) Relative transcript levels of flowering genes in lnk1 lnk2, normalized to WT
(Col-O) expression levels, determined by qRT-PCR. Bars show mean fold-values, with
SEM (n=3).
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Figure 2. 7. LNK1 and LNK2 promoter activity in reproductive tissues and in guard
cells.
Stably transformed, ten-day old plants that contain the LNK1 or LNK2 promoter driving
-galactosidase show Gus activity in seedlings (A-B), flowers (C-D), nectaries (E-F) and
guard cells (G-H). Bars =0.5 mm (A-F), or 20 µM (G-H).
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SUPPLEMENTAL MATERIALS AND METHODS
Plant growth and GUS detections assays
For plant experiments involving growth on agar medium, seeds were surface-sterilized by
rinsing in 95% ethanol, soaking in 30% household bleach for ten minutes, rinsing five
times in sterile water and suspended in 0.1% Phytoblend agar (Caisson Laboratories) for
plating on solid growth medium, composed of half-strength

Murashige and Skoog

(1962) medium (Sigma M5524), pH 5.8, 0.8% Phytoblend agar. Seeds on plates were
incubated at 4°C in darkness for 3 days, and transferred to a climate-controlled growth
chambers at 22°C, under long days (LD) (16-h light/ 8-h dark cycle) unless otherwise
stated. For detection of -glucuronidase (GUS) activity encoded by the Escherichia coli
uidA gene, LNKpro:GUS transgenic plants were grown on solid growth medium and on
soil. Plate-grown plants were harvested 5-days post germination for seedling
observations. Soil-grown plants were used to observe leaf and floral expression of GUS.
Plant tissues were incubated at 37°C for 14-18 hrs in 50 mM NaPO4 (pH 7.2), 0.5 mM
K3Fe(CN)6, 0.5 mM K4Fe(CN)6 and 2 mM 5-Bromo-4-chloro-3-indolyl-B-Dglucuronic acid (X-GlcA; Research Products International). Stained seedlings were
cleared of chlorophyll in an ascending ethanol-series, then rehydrated in a descending
ethanol-series for assessment of GUS staining. Observations of stained seedlings were
made using an Olympus BX60 compound microscope or Leica MZ8 stereomicroscope
and digital images captured using a SPOT Insight 2 color camera (Diagnostics
Instruments, Inc.)
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Yeast 2-hybrid interaction screens and assays
To generate constructs for expression in yeast as GAL4-DBD (DNA-binding domain)
fusion proteins, SON1, SLY1, At3g16555, At3g17710, At3g18340 and At3g58090 were
amplified by PCR, and sub-cloned in pGBKT7 (Clontech Laboratories) as either NcoI–
PstI or NdeI-PstI restriction endonuclease digested fragments. The negative control
pGBKT7-p53 vector was obtained from Clontech. For expression in yeast as GAL4AD
(activation domain) fusion proteins, PCR-amplified LNK2 fragments were cloned as
NdeI-XbaI fragments into the pGADT7 vector (Clontech Laboratories). Screens were
performed in yeast strain AH109 (MATa, trp1-901, leu2-3, 112, ura3-52, his3-200,
gal4Δ, gal80Δ, ade2Δ*, LYS2::GAL1UAS-GAL1TATA-HIS3,GAL2UAS-GAL2TATAADE2, URA3::MEL1UASMEL1TATA-lacZ, MEL1; *from Clontech Laboratories
Protocol No. PT3024-1), which contains GAL4-responsive ADE2, HIS3, lacZ, and MEL1
reporter genes that enable selection for positive bait-prey interaction by prototrophic
growth on dropout media lacking adenine and histidine, and selection for pGBKT7 and
pGADT7 vectors by Trp and Leu prototrophy (Clontech Laboratories). For Y2H
interaction analyses using SON1 and paralogs, the amino acid positions listed below
show the regions from each protein used to test full-length (FL), F-box, IR and FBA1
subdomains for LNK2 interaction.
Gene ID
At2g17310
(SON1)
At3g16555
At3g17710
At3g18340
At3g58090

Amino Acids
(FL)

F-box
domain

IR region

FBA1
domain

1-370

1-51

100-150

310-370

1-368
1-349
1-361
1-371

1-52
1-54
1-54
1-54

100-130
98-146
90-139
97-147

305-368
289-349
296-361
310-371
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Split YFP assays
The split-YFP and other construct, except the Y2H constructs, were generated using the
Gateway™ cloning system (Life Technologies). PCR was performed using forward
oligonucleotide forward and reverse primer pairs. The forward primer always contained a
5’ CCAC sequence required to permit directional cloning into the pENTR entry vector,
according manufacturer’s instructions. The integrity of constructs was confirmed by
DNA sequencing before sub-cloning into destination vectors using the LR recombinase
reaction (Life Technologies). SON1-YN and LNK2-YC fusion protein constructs were
generated by cloning full length SON1 into pSAT4-DEST-n (1-174) EYFP-C1 (ABRC
stock number CD3-1089), and full-length LNK2 into pSAT5-DEST-c(175-end) EYFPC1(B)(ABRC stock number CD3-1097), using the LR recombinase reaction (Life
Technologies).
Phylogenetic Analysis of LNK2 and homologs within the Kingdom Plantae
The 181-amino acid region of LNK2 (At3g54500, gi42565925; a.a. 387-568) that
interacts with SON1 was queried against the non-redundant protein database on the NCBI
server using BLASTP (Altschul et al., 1997; Altschul et al., 2005), the BLOSUM62
substitution matrix, and gap and extension penalties of 11 and 1, respectively. Fifty-one
protein sequences were identified that had an expectation (e) value of 0.001 or lower, all
of which were from Kingdom Plantae. Twenty-six of the recovered sequences that were
redundant or highly similar with another (different by just one amino acid relative to the
query), or were truncated versions of other sequences recovered were removed, leaving
25 unique sequences (Table SI).
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The 24 full-length predicted protein sequences were then aligned using MAFFT Version
6.845b (http://mafft.cbrc.jp/alignment/server/;(Katoh et al., 2002; Katoh et al., 2005), set
up to use the G-INS-I method and BLOSSUM62 substitution matrix, and gap-open and
extension penalties of 1.53 and 0.15, respectively. In addition, the “MAFFT Homologs
ON” setting was used, which includes the 50 most similar proteins outside the input file
set as identified by BLASTP, in generating the alignment, which were subsequently
removed from the final alignment displayed. The resulting alignment with inserted gaps
had 219 positions (Figure S2), and contained four regions with few gaps and a
particularly high quality alignment, interrupted by three regions that could not be as
reliably aligned. The four conserved regions: 1-34, 69-88, 108-152, and 187-219 (Figure
S2), were combined into a subalignment of 132 positions and analyzed using MrBayes
Ver. 3.1.2 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003),
configured to use a mixed amino acid substitution model and a bryophyte Physcomitrella
patens (GI:167997223) sequence as an outgroup. Approximately 1.25 million MrBayes
generations were used to generate the consensus phylogenetic tree shown in Figure 2.3,
after discarding (burning-in) the first 87.5% of 10M generations run. A consensus tree
based on the last 5.5 million generations (i.e. a shorter burn-in) was topologically
identical, but had slightly higher posterior probability values for a few of the clades.

Identification of Arabidopsis SON1 paralogs and phylogenetic analysis
To identify proteins in Arabidopsis most closely related to SON1, the full-length SON1
protein sequence was used in BLASTP

query at the NCBI, as described above for
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LNK2, leading to identification of At1g58090, At3g16555, At3g17710 and At3g18340.
These five sequences (including SON1) and a sixth less closely related outgroup
sequence (At3G18910) were aligned using MAFFT as described above for LNK2, except
the “E-INS-I” method was used and the gap extension penalty was set to 0.0. The
resulting alignment (Figure S3) had 431 amino acid or gap positions, which was
examined to eliminate ambiguously aligned regions. Positions 6-60, 104-175, and 350421 in the alignment contained few gaps and were robustly aligned, so were combined to
form a 199-position subalignment that was analyzed using MrBayes, as described above
for LNK2, except At3G18910 was used as an outgroup. Approximately 5.5 million
generations were used to generate a consensus phylogenetic tree (Figure S4 ), after
discarding or “burning-in” the first 25% of the total generations run.
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SUPPLEMENTAL FIGURES

Figure S1. Salk_024353C (lnk1-1) and Salk_118524 (lnk2-4) contain T-DNA
insertions in the LNK1 (At5g64170) and LNK2 (At3g54500) genes. A) Intron-exon
(bold) structure of LNK1 and LNK2 genes, locations of T-DNA insertions, and
approximate locations and orientation (numbered) of PCR primers used to determine
plant genotypes. B) Gel electrophoresis of PCR products from lnk1 lnk2 plant DNA
using the primers indicated by number, which amplify the genotypes indicated below
(Listed in Table SI). Primer F2 is the T-DNA left border primer LBb1.3. Primers F1, R3
and R4 flank the T-DNA insertion site in lnk1-1 and could not amply a product from
lnk1-1 mutant DNA. Primers F5, R6 and R7 flank the T-DNA insertion site in lnk2-4 and
could not amply a product from the mutant DNA. T-DNA primer F2 plus R3 or F2 plus
R4 amplify DNA from lnk1 lnk2 plants containing the T-DNA insertion in LNK1 while
T-DNA primer F2 plus R6 or F2 plus R7 amplify products from lnk1 lnk2 plants
containing the T-DNA insertion in LNK2. Homozygote lnk2 lnk2 plants were identified
using both the T-DNA left border primer and LNK specific reverse primers as indicated.
DNA from the SALK_020607 T-DNA insertion line was used as a control. Marker is
a100-bp DNA ladder (New England Biolabs). Primer names and sequences are listed in
Table S2.
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Figure S2. Alignment of LNK family proteins around the region of LNK2 (a.a. 385568) that interacts with SON1. This is the minimal region of LNK2 necessary for SON1
interaction in the Y2H assay. Homologs were found only from Kingdom Plantae. Taxon
abbreviations are listed at the right, and are defined in Table SI. Full-length sequences
were aligned using MAFFT, with gaps indicated by hyphens. Shown underlined, are four
regions of the alignment that are unambiguously aligned and were used for phylogenetic
inference (positions 1-34, 69-88, 108-152, and 187-219), numbered from the beginning
of the aligned region.
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Figure S3. Alignment of A. thaliana SON1 and five close relatives. SON1
(At2G17310) and predicted products of paralogs At1g58090, At3g16555, At3g17710 and
At3g18340 were aligned using MAFFT, with gaps indicated by hyphens. Conserved
regions corresponding to the F-box, IR and FBA1 domains used for phylogenetic
inference are underlined (SON1 positions 6-9960, 104-175 and 350-421, respectively).

Figure S4. Consensus phylogenetic tree for A. thaliana SON1 and five paralogous
proteins. Tree was rooted using At3G18910 as outgroup. Posterior probability values
generated by MrBayes are indicated to left of each clade (x 100). Scale indicates the
expected number of amino acid changes per site.
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Figure S5. LNK1, LNK2, and SON1 proteins localize to nuclei.
Tobacco leaves expressing eGFP-tagged: LNK1 (A-C), LNK2 (D-F), or SON1 (G-I).
Panels J-L are cells that express GFP from 35Spro:GUS/GFP vector, pXB2FS7. Leaves
were imaged to display eGFP (top row), or DNA stained with DAPI (middle row); the
merged images are in the bottom row. Scale bars = 20 µM.
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Figure S6: LNK1, LNK2, proteins localize to nuclei of transgenic lines.
The phenotype of WT plants (A), transgenic plants, lnk1 lnk2/35sPro:GUS-GFP (E), lnk1
lnk2/35Spro:LNK1-GFP (I), and lnk1 lnk2/35Spro:LNK2-GFP(M). Localization of
eGFP-tagged: LNK1 (J-L), LNK2 (N-P). Panels F-H are lnk1 lnk2 plant cells that express
GFP from 35Spro:GUS/GFP vector, pXB2FS7. Leaves were imaged to DIC (top row),
eGFP (middle row); the merged images are in the bottom row. Scale bars = 20 µM.
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Supplemental Tables
Table SI. LNK-homologous genes are restricted to terrestrial plants.
Most of the taxa listed have two or more known LNK-like genes, which in angiosperms
are represented by an “A” clade (LNK2-like) and “B”-clade (LNK1-like) gene, designated
in Figures S2 and S3 by suffixes “_A” or “_B”. For taxa that have more than one gene
within a clade due to more recent gene duplication events, the suffix is followed by a
number (e.g. Popu_tric_A1). Less closely related proteins from the spore-forming
lycopod and bryophyte taxa are designated by suffixes “_C” or “_D”. Abbreviations
correspond to labels used in Figures 3 and S2. TAIR: The Arabidopsis Information
Resource (http://arabidopsis.org).
Taxon name-Common name
Arabidopsis thaliana -Mouse
ear cress
Arabidopsis lyrata-Lyre-leaved
rock-cress
Medicago truncatula
Vitis vinifera-Grape

NCBI GI, NP or
TAIR name
LNK2 (AT3G54500)
NP_191014.2
297820198

Classification

Abbreviation

core eudicotyledons, Brassicales

Arab_thal_A

core eudicotyledons, Brassicales

Arab_lyra_A

87162502
297742697

core eudicotyledons, Fabales
core eudicotyledons, Vitales

Medi_trun
Viti_vini_A

Ricinus communis-Castor bean

255544033

core eudicotyledons, Malpighiales

Rici_comm_A

Populus trichocarpa-Black
cottonwood
Populus trichocarpa
Oryza sativa, Indica-Group Rice
Zea_mays-Corn

224057353

core eudicotyledons, Malpighiales

Popu_tric_A1

224072863
218188279
226493251

core eudicotyledons, Malpighiales
Liliopsida, Poales
Liliopsida, Poales

Popu_tric_A2
Oryz_sati_A
Zea_mays_A

Liliopsida, Poales
core eudicotyledons, Brassicales

Sorg_bico
Arab_thal_B

core eudicotyledons, Brassicales
core eudicotyledons, Malpighiales
core eudicotyledons, Malpighiales
core eudicotyledons, Vitales
core eudicotyledons, Vitales
Liliopsida, Poales
Liliopsida, Poales
Liliopsida, Poales
core eudicotyledons, Malpighiales
Coniferales
Lycopodiophyta, Selaginellales
Lycopodiophyta, Selaginellales
Bryophyta, Funariales
Bryophyta, Funariales

Arab_lyra_B
Popu_tric_B1
Rici_comm_B
Viti_vini_B1
Viti_vini_B2
Zea_mays_B1
Zea_mays_B2
Oryz_sati_B
Popu_tric_B2
Pice_sitc
Sela_moel_C1
Sela_moel_C2
Phys_pate_D1
Phys_pate_D2

Sorghum bicolor-Sorghum
Arabidopsis thaliana
Arabidopsis lyrata
Populus trichocarpa
Ricinus communis
Vitis vinifera
Vitis vinifera
Zea mays
Zea mays
Oryza sativa, Japonica Group
Populus trichocarpa
Picea sitchensis-Sitka Spruce
Selaginella moellendorffii
Selaginella moellendorffii
Physcomitrella patens-Moss
Physcomitrella patens

242052989
145334895
AT5G64170, (LNK1)
297797431
224059032
255578831
147787058
225448311
224029845
226505552
115453323
224072971
148909318
302790690
302788256
167997223
168044708
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Table S2. Oligonucleotide primers used in PCR, molecular cloning, and qRT-PCR.
Abreviations: AA, amino acid; FL, Full-length; ORF, open reading frame.
Description

Purpose/Notes

Name

Sequence (5’- 3’)

SON1 FL ORF
(1-370)

pGBKT7 cloning

SON1-F
SON1-R

CCATGGTGGCTCTTCCGTGGGAGTTGGAGG
CTGCAGCTAACCTATAAATAAAGGAAGCGA

SON1 FL ORF
(1-370)

pENTR cloning colony PCR

SON1-TOPO-F
SON1-R

CACCATGGCTCTTCCGTGGGAGT
CTAACCTATAAATAAAGGAAGCGAGAG

SON1 ORF
AA 1-51

pGBKT7 cloning

SON1 (1)-F
SON1 (51)-R

CCATGGTGGCTCTTCCGTGGGAGTTGGAGG
CTGCAGCTAGAATTCGGGACGGGAGCGAGA

SON1 ORF
AA 51-100

pGBKT7 cloning

SON1 (51)-F
SON1 (100)-R

CCATGGAACTCATTATCTTGACCAATTCCA
CTGCAGCTAATCGCAAGTATTTATAATTGT

SON1 ORF
AA 100-150

pGBKT7 cloning

SON1 (100)-F
SON1 (150)-R

CCATGGATGAGTTCTTGTTTTATAACTAT
CTGCAGCTAAACCTTTTCGGGTCTACTATTATC

SON1 ORF
AA 150-195

pGBKT7 cloning

SON1 (150)-F
SON1 (195)-R

CCATGGTTTACAAGATCTTGGGCCATTTG
CTGCAGCTAAGCTGTTTCAGTTATGGGCCA

SON1 ORF
AA 195-250

pGBKT7 cloning

SON1 (195)-F
SON1 (250)-R

CCATGGCTAAACGATCAAATGTGTCATTA
CTGCAGCTAGACAAGTTCATCAGTACTATGGCT

SON1 ORF
AA 250-310

pGBKT7 cloning

SON1 (250)-F
SON1 (310)-R

CCATGGTCCTCGCGGTTTATAAGGGAGAT
CTGCAGCTACGTACCAAATAACTTTGGCAAGTT

SON1 ORF
AA 310-370

pGBKT7 cloning

SON1 (130)-F
SON1 (370)-R

CCATGGTTAGTTACTTCATCTATGGGAAG
CTGCAGCTAACCTATAAATAAAGGAAGCGA

LNK2
AA 209-648

At3g54500 fragment from
Y2H screen

cDNA Library clone

Already cloned in CDNA library bait vector

LNK2
AA 209-325

pGADT7 pGBKT7 cloning

LNK2 (209)-F
LNK2 (325)-R

LNK2
AA 325-486

pGADT7 pGBKT7 cloning

LNK2 (325)-F
LNK2 (486)-R

TCTAGACTAATGTGAATAGTGTGATGTCCC
TCTAGACTAAACATCCTGAAGCCGATAAAG

LNK2
AA 487-648

pGADT7 pGBKT7 cloning

LNK2 (487)-F
LNK2 (648)-R

CATATGGTAGCAAAGTTGGATATGGGA
TCTAGATCACAATTTTCTTTTGTTTCCTTGGGA

LNK2
AA 325-648

pGADT7 pGBKT7 cloning

LNK2 (325)-F
LNK2 (648)-R

TCTAGACTAATGTGAATAGTGTGATGTCCC
TCTAGATCACAATTTTCTTTTGTTTCCTTGGGA

LNK2
AA 387-568

pGADT7 pGBKT7 cloning

LNK2 (387)-F
LNK2 (568)-R

CATATGACACCACAGGAAAAACTA
TCTAGACTAATCAAAAGGCCTATGAAAGAG

Arabidopsis
SLY1

To clone into pGBKT7

SLY1-F
SLY1-R

CCATGGCGAAGCGCAGTACTACCGACTCTGATTTGGCC
CTGCAGTTATTTGGATTCTGGAAGAGG

At1g58090
FL ORF

SON1 paralog cloning into
pGBKT7

At1g58090-F
At1g58090-R

CATATGATGGTGTCGAAAAAGCTTCCATTAGAT
CTGCAGTCAAGGAATGGTGATCAAACTGGGAAC

At3g16555
FL ORF

SON1 paralog cloning into
pGBKT7

At3g16555-F
At3g16555-R

CATATGGTTCTGCTTCCATGGGAGCTGGAGGAA
CTGCAGTTACATTAAAGGAAGAGGGATAAAATT

At3g17710
FL ORF

SON1 paralog
pGBKT7cloning

At3g17710-F
At3g17710-R

CATATGATGGCGTCGGTGAAGTTGCCGTGGGAT
CTGCAGCTAGAATTGGGGACGGGCACGGAC

At3g18340
FL ORF

SON1 paralog cloning into
pGBKT7

At3g18340-F
At3g18340-R

CATATGGCGTCGGGGAAGCTTCCGTGGGAGTTG
CTGCAGCTAAACTTGCAGTGATCTGAATTCCAA

At1g58090
F-box

SON1 paralog cloning into
pGBKT7

58090 (1-54)-F
58090 (1-54)-R

CATATGATGGTGTCGAAAAAGCTTCCATTAGAT
CTGCAGCTAGATTTCTGGCCGACCGCAAGC

At3g16555
F-box

SON1 paralog cloning into
pGBKT7

16555 (1)-F
16555 (52)-R

CATATGGTTCTGCTTCCATGGGAGCTGGAGGAA
CTGCAGCTAGAACTGAGGACGAGCACGAGC

At3g17710
F-box

SON1 paralog cloning into
pGBKT7

17710 (1)-F
17710 (54)-R

CATATGATGGCGTCGGTGAAGTTGCCGTGGGAT
CTGCAGCTAGAATTGGGGACGGGCACGGAC

CATATGTTTGAGCAACAAGAGAACCAGCAA
TCTAGACTAATGTGAATAGTGTGATGTCCC
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At3g18340
F-box

SON1 paralog cloning into
pGBKT7

18340 (1)-F
18340 (54)-R

CATATGGCGTCGGGGAAGCTTCCGTGGGAGTTG
CTGCAGCTAGAATTGGGGACGTGCAAAACC

At1g58090
IR region

SON1 paralog cloning into
pGBKT7

58090 (97)-F
58090 (147)-R

CATATGTGCGATGGTAACTTCTTCATG
CTGCAGCTAACTCTTTTCGGGTCTACTACC

At3g16555
IR region

SON1 paralog cloning into
pGBKT7

16555 (100)-F
16555 (130)-R

CATATGTGCGATGGCCGATGGATTAAA
CTGCAGCTAAACCTTCTCAGGCCTAGTATT

At3g17710
IR region

SON1 paralog cloning into
pGBKT7

17710 (98)-F
17710 (146)-R

CATATGTGCGATGGGTTATTGTTTCG
CTGCAGCTAACACTTATCGGGTTTACAACT

At3g18340
IR region

SON1 paralog cloning into
pGBKT7

18340 (90)-F
18340 (139)-R

CATATGTGCAATGGATTATTGTTTCGT
CTGCAGCTAACCCTTTTCGGGTTTACCAGC

At1g58090
FBA1 region

SON1 paralog cloning into
pGBKT7

58090 (310)-F
58090 (371)-R

CATATGTCTACAAGTTACTTTGTCGATAATGAT
CTGCAGTCAAGGAATGGTGATCAAACTGGGAAC

At3g16555
FBA1 region

SON1 paralog cloning into
pGBKT7

16555 (305)-F
16555 (368)-R

CATATGGGCATTAGTTACTTCATCTATGACAAG
CTGCAGTTACATTAAAGGAAGAGGGATAAAATT

At3g17710
FBA1 region

SON1 paralog cloning into
pGBKT7

17710 (289)-F
17710 (349)-R

CATATGTGCAGTAGTTACTTCATCTTTGACAAG
CTGCAGTTAAACTTGATGTGATTCAAAAGGAAC

At3g18340
FBA1 region

SON1 paralog cloning into
pGBKT7

18340 (296)-F
18340 (361)-R

CATATGGATATTAGTTACTTCATCCATGACATG
CTGCAGCTAAACTTGCAGTGATCTGAATTCCAA

LNK1 FL ORF

pENTR cloning/colony PCR

LNK1 (1)-Topo-F
LNK1 (616)-R

CACCATGTCGGACTTGTACATTCATGAG
ATTGTTGTCACTTGTTACAACTTCTG

LNK2 FL ORF

pENTR cloning/colony PCR

LNK2 (1)-Topo-F
LNK2 (669)-R

CACCATGATATGGGGTGATGATGCTGAGA
CAATTTTCTTTTGTTTCCTTGGGATGCT

LNK2 AA 209669

pENTR cloning/colony PCR

LNK2-Topo (209)-F
LNK2 (669)-R

CACCATGGCTAATTCTGCTTTTGGTAAT
CAATTTTCTTTTGTTTCCTTGGGATGCT

LNK2 promoter

LNK2 promoter cloning into
pENTR vector

pLNK2-TOPO-F
pLNK2-R

CACCGTCATGTGGCCCTTCTTGT
TAGTAAGCTGAAAAGTAGGTTAAGACC

SALK-024354LP
SALK-024354RP
LNK1 (616)-R

Genotype lnk1-1 allele
(Salk_024353)

F1
R3
R4

TCTATGGCTGGGGTGACATAG
CCCAATCTTCTGGATAGGAGC
ATTGTTGTCACTTGTTACAACTTCTG

SALK-118524LP
SALK-118524RP
LNK2 (669)-R

Genotype lnk2-4 allele
(Salk_118524)

F5
R6
R7

CAGGAGAAGGACAGCTTTGTG
ATAGCTTATTCCGGTTGGCTG
CAATTTTCTTTTGTTTCCTTGGGATGCT

T-DNA primer
LBb1.3

PCR of T-DNA insertions in
Salk lines

F2

ATTTTGCCGATTTCGGAA

CO gene,
At5g15840

qRT-PCR

qCO-F
qCO-R

TCCATTAACCATAACGCATACATTTC
CGGCACAACACCAGTTTCC

FT gene,
At1g65480

qRT-PCR

qFT-F
qFT-R

CAACCCTCACCTCCGAGAATAT
TTGCCAAAGGTTGTTCCAGTT

FLC gene,
At5g10140

qRT-PCR

qFLC-F
qFLC-R

GCAAGCTTGTGGGATCAAAT
CCAGTTGAACAAGAGCATCG

ACTIN2,
AT3g18780

qRT-PCR

qACT2-F
qACT2-R

GCTGAGAGATTCAGATGCCCA
GTGGATTCCAGCAGCTTCCAT

105

106

CHAPTER 3: INVESTIGATING THE POTENTIAL FOR LNK PROTEIN
DEGRADATION BY THE UBIQUITIN-PROTEASOME SYSTEM
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ABSTRACT
To enhance fitness, plants display variation in development patterns depending on the
growing environment. This plastic behavior is aided by the circadian clock, which
synchronizes plant development with daily and seasonal environmental cues. At the heart
of the circadian clock are transcription-translation feedback loops that ensure proper
running of the clock. Recently, Arabidopsis LNK1 and LNK2 have been implicated as
dawn-phase transcriptional co-activators of the circadian clock. We have shown that
LNK2 binds to the F-box protein SON1. F-box proteins, through their interaction with
ASK proteins, assemble unique E3 ubiquitin ligases which ubiquitinate specific proteins
leading to their degradation. I have shown that SON1 binds to ASK1 in the nucleus
suggesting that it assemblies into an E3 ligase that may target LNK2 for ubiquitination
and its subsequent degradation by the proteasome. A cell free degradation assay using a
purified bovine 26S proteasome and effect of proteasome inhibitors show that both LNK1
and LNK2 are targeted for degradation by the proteasome. These results suggest that
proteasome-based regulation of LNK stability is probably responsible for proper
maintenance of LNK protein abundance and rhythm regulations.
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INTRODUCTION
The ability of an organism to coordinate internal processes with diurnal changes in the
environment is conferred by the circadian clock and can enhance plant performance
(Graf and Smith, 2011). This matching of the internal clock with environmental cues
requires elaborate and precise regulatory mechanisms. Indeed the persistent diurnal
expression pattern of clock regulatory genes and their downstream targets is known to be
due to coupled transcriptional-translational feedback loops that either activate or repress
core clock regulatory genes (McClung, 2014). Reciprocal transcriptional regulation in the
clock’s feedback loop almost always relies on the use of trans-regulatory elements often
called co-activators or co-repressors. Researchers have demonstrated that one of the clock
feedback loops is comprised of the central regulatory components, CCA1 (CIRCADIAN
CLOCK ASSOCIATED 1), LHY (LATE ELONGATED HYPOCOTYL), and TOC1
(TIMING OF CAB2 EXPRESSION 1) (Wang and Tobin, 1998) (Gendron et al., 2012),
and TOC1 related PRR9, 7 and 5 (PSEUDORESPONSE REGULATORS 9, 7 and 5))
(Nakamichi et al., 2010), all of which function as transcriptional repressors (Table 3.1).
Biochemical and genetic data demonstrates that CCA1 and LHY are closely related
morning-phase clock regulatory genes that encode transcription factors that bind directly
to the promoter of the evening-expressed TOC1 gene, repressing its transcription
(Alabadi et al., 2001). Further experiments using assays such as yeast transcriptional
activation, chromatin immuno precipitation (ChIP) and in-vitro protein pull down assay,
demonstrate that the repression activity of LHY/CCA1 is aided by DET1, which
physically interacts with CCA1 and LHY (Lau et al., 2011).
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The researchers demonstrated that CCA1 overexpression led to weaker repression of
TOC1, which was reduced in det1 plants over expressing CCA1, even though CCA1
protein levels were similar in both wild-type and det1 backgrounds.
Table 3. 1. Arabidopsis clock genes discussed
GENE

LOCUS

LOSS OF FUNCTION
CIRCADIAN CLOCK
PHENOTYPE

CCA1

At2g46830

Short period

LHY

At1g01060

Short period

DET1

AT4G10180

Short Period

MOLECULAR
FUNCTION
Myb domain
transcription factor
Myb domain
transcription factor
Transcriptional corepressor

PRR5

At5g24470

Short period

Pseudo-response regulator
Transcriptional repressor

PRR7

At5g02810

Long period

Pseudo-response regulator
Transcriptional repressor

PRR9

At2g46790

Long Period

Pseudo-response regulator
Transcriptional repressor

TPL/TPR

AT1G15750

Long period

RVE4
RVE6

AT5G02840
AT5G52660

No obvious effect
No obvious effect

Transcriptional corepressor
Transcriptional activator
Transcriptional activator

RVE8

AT3G09600

Long period

Transcriptional activator

LUX

At3g46640

Arrhythmic

Transcription factor

ELF4

At2g40080

Arrhythmic

Transcriptional regulator

LNK1

AT5G64170

Long period

Transcriptional coactivator

LNK2

At3g54500

Long period

Transcriptional coactivator

ZTL

At5g57360

Long period

F-box protein; regulates
TOC1 protein stability
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Using genetic analysis, gene expression and biochemical analysis, Nakamichi et al.,
(2010) reported that the extended repression of CCA1 and LHY from mid-morning to
dusk was achieved through sequential activity of PRR9, PRR7 and PRR5 repressors,
which peak in abundance at dawn, in the morning and at noon respectively (Matsushika
et al., 2000; Nakamichi et al., 2010). This sequential repression of CCA1 and LHY
appears to confine their gene regulatory activity to the morning phase. Further
biochemical and genetic analysis such as ChIP, points to reliance of PRR9, 7 and 5 on the
recruitment of transcriptional co-repressor, TOPLESS/TOPLESS-RELATED (TPL/TPR)
to repress CCA1 and LHY transcription (Wang et al., 2013).
Other clock genes include the CCA1- and LHY-related REVEILLE (RVE) genes. CCA1,
LHY and RVE genes belong to the same family of Myb transcription factor genes (Carre
and Kim, 2002). Though thought to function at the core of the clock as other family
members (CCA1 and LHY), some RVE genes such as RVE1, RVE2 and RVE7 have been
shown through genetic analysis to function as clock outputs affecting flowering time,
seed germination, and photo-morphogenesis respectively (Kuno et al., 2003; Zhang et al.,
2007; Rawat et al., 2009). In contrast, RVE4, RVE6, and RVE8 have been reported to
have positive regulatory roles in clock feedback loops (Hsu and Harmer, 2014). For
example, using gel shift assay and inducing RVE8 expression researchers showed that
RVE8

bind to evening element (EE) promoter motifs in the promoter PRR5,

TOC1 LUX, and ELF4 genes promoting their expression (Farinas and Mas, 2011; Rawat
et al., 2011; Hsu et al., 2013).
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Recently, ChIP, gel shift and split-YFP assays showed that even-though LNK1 and
LNK2 do not bind directly to DNA, LNKs act as co-activators of RVE8, which recruits
LNK1 and LNK2 to the EE motif of PRR5 and TOC1 promoters, and act as co-activators
(Xie et al., 2014; Xing et al., 2015).
Research to further understand the regulation of Arabidopsis circadian clock gene activity
revealed that besides transcriptional regulation, post-translational gene regulatory
mechanisms such as phosphorylation, ubiquitination and acetylation are utilized by plants
to maintain proper circadian oscillation (Seo and Mas, 2014). It was proposed that
targeted ubiquitination and 26S proteasome-based protein degradation is employed to
remove residual clock proteins, allowing proper circadian clock function (Sadanandom et
al., 2012). For example the F-box protein ZTL assembles an SCF E3 ligase and
influences proper maintenance of the circadian clock by regulating TOC1 and PRR5
protein turnover (Han et al., 2004; Harmon et al., 2008).
The 26S proteasome-based protein degradation system relies on covalent attachment of
poly-ubiquitin to proteins for their recognition and degradation by the proteasome. The
initial covalent attachment of ubiquitin (Ub) to a target protein occurs via the sequential
action of three enzymes: E1 (Ub-activating), E2 (Ub-conjugating), and E3 (Ub-protein
ligase), which ensure that only the correct target is degraded by the proteasome (Hershko
and Ciechanover, 1998). The E3 ligases, which function both as ubiquitin ligases and
specificity determinants of the ubiquitin-proteasome protein degradation system are
grouped into four subfamilies in plants: HECT (Homologous to E6-associated protein CTerminus), RING (Really Interesting New

Gene), U-Box, and CRL (Cullin-RING
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Ligases) (Vierstra, 2009). The best studied E3 subfamily is the SCF (S phase kinaseassociated protein 1 (SKP1)–cullin 1 (CUL1)–F-box) E3 ligases (Petroski and Deshaies,
2005). SCF ligases are members of the CRLs E3 ligases that use the F-box protein
subunit to achieve target specificity (Vierstra, 2009). The CUL1 scaffold interacts with a
Skp1 protein, which in-turn interacts with the F-box motif within an F-box protein that
directly recruits one or a few substrates to the SCF complex for ubiquitination (Zheng et
al., 2002). The specific substrate-determining function of the F-box protein in the SCF
complex suggests a unique F-box protein for each target. Because the Arabidopsis
genome encodes about 700 predicted F-box proteins in Arabidopsis (Risseeuw et al.,
2003), a very large number of proteins may be substrates for ubiquitination and
subsequent proteolysis. Intriguingly, the product of the Arabidopsis SON1 gene, which
encodes an F-box protein connected to defense regulation (Kim and Delaney, 2002),
binds to LNK2 (Zogli et al., submitted). The interaction between SON1 and LNK2 is
implicates the ubiquitin-proteasome system in the regulation of LNK2. Because of its
homology with LNK2, LNK1 may also be regulated by the same SCF system, perhaps
involving another F-box protein than SON1. This is particularly interesting because
LNK1 and LNK2 function at the core of the circadian clock (Rugnone et al., 2013; Xie et
al., 2014; Xing et al., 2015), and ubiquitination-proteasome-based posttranslational
regulation has been shown to regulate stability of other circadian clock components
(Sadanandom et al., 2012; Stojkovic et al., 2014).
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We therefore hypothesize that SON1, and a yet to be discovered F-box protein, will aid
proper functioning the circadian clock by regulating the diurnal stability of LNK2 and
LNK1 respectively. Proteolytic regulation of LNK protein abundance could confine LNK
protein regulatory activity to the specific phases of the clock where needed (Xing et al.,
2015).
I therefore investigated the potential proteasomal degradation of the LNK1 and LNK2
and show evidence that indicates that LNK1 and LNK2 are targeted for degradation by
the 26S proteasome. Since SON1 is an F-box protein binds we predict that it will interact
with an ASK1-like protein and assemble into an SCFSON1 complex that aids targeted
degradation of LNK2. My preliminary split-YFP assay reveals that SON1 interact with
ASK1 in the nucleus and cytoplasm, suggesting the existence of an SCFSON1 complex.
RESULTS
To explore LNK1 and LNK2 protein degradation, I used a cell free degradation system as
described previously (Osterlund et al., 2000; Wang et al., 2009) and bovine 26S
proteasome-mediated protein degradation kit (UBPBio, Aurora, Colorado), that includes
a bovine 26S proteasome. Total protein extracts from lnk1 lnk2/35Spro: LNK1-GFP or
lnk1 lnk2/35Spro: LNK2-GFP transgenic lines (Figure 3.1) were used as sources of LNK
proteins for the degradation assay. The GFP fusion enables immune detection of each of
LNK test protein via its GFP tag.
Extracts were prepared in the degradation buffer (Osterlund et al., 2000) but without
ATP, then introduced into the degradation reaction in the presence of a purified bovine
26S proteasome extract.
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At 30 minutes intervals, reactions were stopped, separated using SDS PAGE and
proteins transferred to an Immobilon-FL membrane for western blot detection. The
presence of an approximately 100 kDa LNK-GFP fusion protein band was assessed with
anti-GFP primary antibody (Pierce Antibodies), followed by probing with a fluorophoreconjugated secondary antibody, IRDye800 CW (LI-COR, Lincoln Nebraska), which was
detected using an infra-red light laser in the ODYSSEY CLx infrared imaging system
(LI-COR, Lincoln, Nebraska). Western blots showed the presence of predicted band
(~100 kDa), and that LNK1-GFP and LNK2-GFP fusion proteins were degraded
overtime, as band intensity become weaker over the 2 hours incubation period (Figure
3.2A-B). To test for the involvement of the 26S proteasome, I performed the degradation
assay in the presence of several proteasome inhibitors (MG-132, Epoxomicin and PSI341). After 120 minutes reaction time, LNK1-GFP and LNK2-GFP degradation was
reduced by proteasome inhibitors MG132, Epoxomicin and PS-341 (Figure 3.2c), but not
with the general protease inhibitor PSMF. This suggests that LNK2 protein could be
degraded by the 26S proteasome. Because LNK2 binds to the SON1 F-box protein, it is
likely that LNK2 degradation is SON1-dependent.
To determine whether SON1 assembles into an SCF complex, I used the Split-YFP assay
to test for interaction between SON1 and Arabidopsis Skp1-related 1 (ASK1) protein.
Full-length SON1 and ASK1 proteins were fused to the amino or carboxyl fragments of
YFP respectively, to form SON1-YFPN and LNK2-YFPC (Xie et al., 1998).
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Both fusion protein constructs were introduced into Agrobacterium tumefaciens strains
that were then co-infiltrated into tobacco leaves. Reconstituted YFP fluorescence was
observed only in leaves that contained both SON1-YFPN and ASK1-YFPC, indicating inplanta interaction between SON1 and ASK1 (Figure 3.3). Fluorescence was observed in
the nuclei, shown by co-localization of the reconstituted YFP with DAPI-stained nuclei
(Figure 3.3). Because F-box proteins, through their interaction with ASK proteins,
assemble SCF E3 ligases, the SON1-ASK1 protein-protein interaction in-planta (Figure
3.3) is suggestive of the existence of an SCFSON1 E3 ligase. Together the data are
consistent with a model that an SCFSON1 ligase targets LNK2, directing it towards
proteasomal degradation
DISCUSSION
Though the abundance levels of some proteins can be fairly stable, many short-lived
proteins are regulated in a precise manner. The ubiquitin-proteasome-based protein
turnover system is often found in regulators of important cellular processes, including
plant defense pathways, plant and mammalian circadian clocks, and cell cycle for proper
functioning of these pathways (Marino et al., 2012; Teixeira and Reed, 2013; Stojkovic et
al., 2014). For example disruption of the F-box protein Fbxl3-based proteasome
degradation of mammalian cryptochromes (CRY1 and CRY2), leads to inappropriate
regulation of clock genes and improper mammalian circadian clock oscillation (Busino et
al., 2007; Godinho et al., 2007). In plants, ubiquitin-mediated protein degradation is also
employed to regulate the stability of key components of the circadian clock and clock
output pathways (Cui et al., 2013).
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For example, two E3 ligases COP1 (CONSTITUTIVE PHOTOMORPHOGENESIS-1)
and SINAT5, regulate stability of the clock regulatory proteins LHY and GI, respectively
(Yu et al., 2008; Park et al., 2010). Because LHY and CCA1 are related (Mizoguchi et
al., 2002), it was expected that CCA1 turnover would be regulated in a similar manner,
which was confirmed (Kangisser et al., 2013). Also the F-box proteins ZTL (ZEITLUPE
FLAVIN BINDING), FKF1 (KELCH REPEAT AND F-BOX1) and LKP2 (LOV
KELCH PROTEIN2) have been shown to act in concert to regulate proteolysis of TOC1
and PRR5, thereby contributing to the proper resetting of the circadian clock (Mas et al.,
2003; Kiba et al., 2007; Baudry et al., 2010).
LNK1 and LNK2 have recently been shown to act with RVE8 to regulate expression on
PRR5 and TOC1 evening regulatory genes of the circadian clock (Xie et al., 2014; Xing
et al., 2015). It is therefore intriguing that LNK2 appear to be proteasomal degraded, and
that SON1 is a candidate targeting F-box protein. Furthermore because LNKs been
reported to function as components of the morning-phase circadian clock transcriptional
complex, proteasomal regulated turnover of LNKs may be important for sustained
circadian clock oscillation. This mechanism of post-translational regulation of LNKs may
play a key role in restricting LNK activity to specific phase of the circadian clock.
Thus, understanding proteolytic regulation of LNKs will help explain how LNK
abundance is regulated post-translationally, and how LNK abundance is important to
clock output pathways that include flowering time and plant defense.
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It is more intriguing to note that LNKs play a role in plant defense, and there are reports
that LNKs interact physically with CCA1, which regulates rhythmic expression of
defense genes at dawn. Recent research suggests that through CCA1 and LHY, the
circadian clock gates the expression of defense genes to coincide with predictable times
of pathogen attack, presumably enhancing plant fitness (Bhardwaj et al., 2011; Wang et
al., 2011b; Zhang et al., 2013; Sharma and Bhatt, 2015).
LNKs not only play a role in plant defense, but also function as transcriptional coactivators and interact with core transcription factors of the circadian clock, including
CCA1, which regulates expression of plant defense genes (Wang et al., 2011a). This
suggests that LNKs may act with CCA1 to regulate gene expression. Such a role will
likely explain why there was mis-regulation of defense related genes such RPP4, RPP5
ICS1, FLS2 and HSP70 in the lnk1 lnk2 mutant (Rugnone et al., 2013), making them
potential genes under an LNK-Clock TF complex regulation. These genes are key
regulatory genes in plant defense. For example: the RPP4 and RPP5 gene products are
NBS-LRR resistance genes implicated in Hyaloperonospora arabidopsidis resistance
(van der Biezen et al., 2002); ICS1 is a biosynthetic enzyme for salicylic acid (SA), a
plant hormone required for activation of systemic acquired resistance (SAR) (Wildermuth
et al., 2001); and FLS2 functions as pattern-recognition receptor (PRR) to detect the
bacterial PAMP, flagellin (Chinchilla et al., 2006; Sun et al., 2013). The HSP70 stress
chaperone on the other hand seems to both aid and suppress plant defense response
(Kanzaki et al., 2003; Noel et al., 2007), and is a target of effectors of viral and bacterial
pathogens to enhance virulence (Jelenska et

al., 2010; Gorovits et al., 2013).
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Interestingly, the promoters of these genes are enriched with clock regulatory elements,
and show rhythmicity in expression (Mocklerlab; Sharma and Bhatt, 2015). Therefore if
LNKs function along with clock components like CCA1 to rhythmically regulate the
expression of defense genes, then LNK protein abundance may also be moderated posttranslationally to confine their transcriptional activity to specific times of the day where
defense gene expression is required.
It will be essential to provide conclusive evidence that SON1 assembles into an SCF E3
ligase, such as by performing pull-down assays demonstrating that SON1 binds to ASK1.
Additional experiments are needed to show that loss of SON1 functionality prevents
LNK2 ubiquitination and its subsequent degradation in the proteasome.
The putative other F-box protein(s) responsible for LNK1 turnover would also be an
attractive target for discovery, and might be identified by using immuno-precipitation
followed by mass spectrometry, or by yeast 2-hybrid screens with LNK1 as an interaction
bait. Further research to understand proteolytic regulation of LNKs or transcript
accumulation in response to pathogenic attack, and how it impacts plants defense and
circadian function will be required to further clarify the emerging link between plant
immunity and the circadian clock.
EXPERIMENTAL PROCEDURES:
Plant materials and growth conditions
The Arabidopsis thaliana wild type accession, Col-0 was used for this study unless
otherwise indicated. Transgenic LNK-GFP lines were generated by transforming the lnk1
lnk2 double mutants using the floral dip

method (Clough and Bent, 1998) with
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the Agrobacterium tumefaciens strain GV2260 (Mcbride and Summerfelt, 1990)
harboring 35S:LNK1-GFP or 35S:LNK2-GFP. Resistance to Basta (Glufosinate nonselective herbicide) was used to select for transgenic lines. The p35S:LNK1-GFP and
p35S:LNK2-GFP translational constructs were created by cloning LNK1 or LNK2
cDNAs into pB7FWG2 (Karimi et al., 2002). All plants were grown in a 16h light: 8hr
dark regime at 22oC, unless otherwise stated.
Plant protein extraction
Total protein was extracted from five-day-old lnk1 lnk2/35S:LNK1-GFP or lnk1
lnk2/35S:LNK2-GFP seedlings in a degradation buffer (25 mM Tris, pH 7.5, 10 mM
MgCl2, 5 mM DTT, and 10 mM NaCl) as described (Koegl et al., 1999; Osterlund et al.,
2000). The working buffer was supplemented with 1:100 (v/v) protease inhibitor cocktail
for plants (Sigma-Aldrich, St. Louis, MO). Briefly, the weighed tissue was ground to
powder in liquid nitrogen, re-suspended in a volume of the buffer which is equivalent to
the weight prior to grinding and thawed on ice for 15 minutes. Cell debris was then
removed by two rounds of centrifugation at 15,000 g for 10 minutes at 4oC. Protein
extracts were concentrated using Amicon Ultracel 3K filters. Protein concentration was
determined with DC protein assay (Bio-Rad).
Degradation assay
The degradation was conducted with the 26S proteasome-mediated protein degradation
kit (UBPBio, Aurora Colorado) following the manufacturer’s instructions. Equal volume
of the protein extracts were added to degradation assay buffer with the 25 mM bovine
26S proteasome as recommended.
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Reactions were incubated at 22°C and samples taken at time points indicated, by addition
of sample-loading buffer, and incubation at 70oC for 10 minutes.
For inhibitor studies, the degradation assays were carried out in the presence or absence
of 50 µM of MG132 (Calbiochem), 100 µM PMSF, 50 µM PS1 340, 30 µM epoxomicin
or 2% DMSO.
PAGE and Western blot
Samples were loaded and fractionated by 10% SDS-PAGE (Sodium dodecyl sulfate
Polyacrylamide gel Electrophoresis), wet transferred onto Immobilon-FL transfer
membrane (EMD MILLIPORE, Billerica Massachusetts) using the Mini Trans-Blot
electrophoretic transfer (Biorad,Hercules, CA). Mouse monoclonal antibodies, anti-GST
at 1:1000 (Pierce) and anti-GFP at 1:1000 (Pierce, Rockford, Illinois) were used as
primary antibodies. Immunoblots were detected using an IRDye 800CW conjugate, goat,
anti-mouse antibody (LI-COR) at 1:20,000 dilutions. Imaging and quantification of band
intensity

was

done

using

the

Odyssey

(http://www.licor.com/).
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FIGURES

Figure 3. 1. Detection of LNK1-GFP and LNK2-GFP fusion proteins in lnk1 lnk2
transgenic lines.
A, Anti-GFP, mouse monoclonal antibodies were used to probe for the presence of
LNK1-GFP and LNK2-GFP fusion proteins. An ~100 kDa protein band expected was
detected in protein extracts from the transgenic line but not fromWT Col-0. The primary
antibody was detected with an IRDye 800 CW goat anti-mouse secondary antibody, and
detected under infrared light using the Li-COR Odyssey imaging system. B,
Quantification of band intensity relative to Col-0. The Image Studio Lite software was
used to quantify band intensity in transgenic plants relative to Col-0.
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Figure 3. 2. LNK1 and LNK2 proteins are potential targets for degradation by the
ubiquitin-proteasome system.
A and B, Cell free degradation of LNK-GFP over 120 minutes in a buffer that support
proteasome activity. Protein extracts were prepared from 7-day old lnk1 lnk2/35S: LNK1GFP or lnk1 lnk2/35S: LNK2-GFP seedlings and incubated over the indicated time
course.
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A non-specific band (blue arrow head) was used as non-degrading normalization control.
C, Cell free degradation in the presence of proteasome inhibitors MG132 (50µM), PS341(50µM), and Epoxomicin (30µM), a general protease inhibitor PMSF (4mM) and the
solvent DMSO (2%) and for 120 minutes. The open arrow and closed head point to the
LNK-GFP and control bands, respectively.
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Figure 3. 3. SON1-ASK1 protein-protein interaction in-planta
In vivo protein-protein interaction between ASK1 and SON1, is demonstrated by splitYFP assays in N. benthamiana (tobacco) leaves co-infiltrated with A. tumefaciens strains
that deliver SON1 fused to the N-terminal half of YFP (SON1-YFPN), and ASK1 fused
to C-terminal half of YFP (ASK1-YFPC). Reconstituted YFP is not observed in cells
containing just ASK1-YFPC (right column). Plant cell nuclei are visualized by staining
with the DNA-fluorochrome DAPI and viewing under UV light. Merged YFP and DAPI
images show nuclear localization of the SON1-LNK2 complex. Scale bars: 20 µM.
Confocal images were captured from epidermal cell layers of infiltrated leaves, 2 to 3days after infiltration.
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS
CONCLUSIONS
LNK2 binds specifically to SON1
Plant defense is a complex system of responses by plants that relies on the ability of plant
to recognize pathogenic attack and induce appropriate responses to counter pathogenic
invasion. Pathogens also employ complex means to counter or evade host responses, and
some deliver virulence effectors that manipulate and counter plant defense. Successful
plant defense depends on an early and rapid perception of the invading pathogen and
subsequent induction and mobilization of defense machinery. The perception of
pathogens and induced plant defense responses often involve use of pattern recognition
receptors (PRRs) that detect unique pathogen signatures or their activities, or plant
disease resistance (R) genes that recognize conserved pathogen-associated molecular
patterns (PAMPs) leading to activation of innate immunity (Flor, 1971; Boller and He,
2009). In addition, the systemic acquired resistance (SAR) pathway is triggered by
pathogen, and depends on SA signaling and NIM1/NPR1 activity. Though established as
a major player in the SAR pathway, NIM1/NPR1 has been suggested as a regulatory
protein at the crossroad of several defense pathways (Pieterse et al., 1998; Iavicoli et al.,
2003; Spoel et al., 2003). The quest to identify additional players in the NIM1/NPR1
regulated immune pathway(s) led to the identification of SON1. Though the exact role of
SON1 in plant immunity is not clear, it was thought that it will function through
proteolytic regulation of a defense regulator that is expected to bind to SON1.

134

Yeast 2-hybrid analysis showed that SON1 binds specifically to LNK2. The inter-domain
interaction assays performed indicates that SON1 can bind to LNK2 via its F-box,
intermediate (IR) and C-terminal FBA1 regions. The conserved region of LNK2 that
binds to SON1 spans a 180 amino acid region in the C-terminus of LNK2. The SON1LNK2 protein-protein interaction is highly specific, because LNK2 did not bind to any of
the full-length SON1 paralogs, except for their shared and conserved F-box and FBA1
regions (Chapter 2).
The SON1-LNK2 interacting complex localizes in the nucleus of plant cells, as revealed
through the split-YFP assay. Other protein localization assays, using GFP-fusion
constructs, show that both LNK2 and SON1 localize to the nucleus. Phylogenetic
analysis of the LNK2 protein family led to identification of a paralog, LNK1, and showed
that both genes are only found in the plant kingdom. My research and that published by
Rugnone et al., 2013, have shown that both LNK1 and LNK2 function in photomorphogenesis and floral pathways in plants. My complementation tests confirmed that
the defects in flowering time and photo-morphogenesis in lnk1 lnk2 plants were due to
the mutation in LNK1 and LNK2 genes. However, we found that while both LNK1 and
LNK2 by themselves can rescue the hypocotyl length defect, LNK1 is more capable than
LNK2 of restoring flowering time of the double mutant to wild type levels, suggesting
that the two genes are not completely identical in function.
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LNK1 and LNK2 play a role in plant defense and are targeted for degradation
Since LNK2 binds to the defense regulator SON1, I examined pathogen growth and host
response after inoculation of lnk1, lnk2 and the double mutant with the oomycete
pathogen Hpa. Reduced conidiophore development/emergence and sporulation was
observed in single lnk1 and double lnk1 lnk2 mutant backgrounds, which were reversed
in lnk1 lnk2 mutants transformed wild type LNK1 or LNK2 genes (Chapter 2, Figure 2.5).
I also found that although fewer conidiophores were seen, callose deposition around
haustoria was also reduced (Chapter 2, Figure 2.4). Haustoria are specialized
oomycete/fungi feeding appendages that acquire nutrients from host cells and may also
deliver toxins and effector proteins to enhance virulence (Mendgen and Nass, 1988;
Kemen et al., 2005). Callose encasement of haustoria is thought to be a defense response
that isolates the haustoria from the host cell (Donofrio and Delaney, 2001). While the
decrease callose encasement observed in lnk mutant could be interpreted as reduced
defense, the reduction in conidiophore emergence and sporulation is suggestive of
resistance. LNKs may therefore function during different stages of defense against the
oomycete pathogen Hpa, including invasion and/or escape of the pathogen from the
leaves.

Because SON1 encodes an F-box protein, and F-box proteins are known

components of SCF complexes via their interaction with ASK proteins, I examined if
SON1 bound ASK1, and found evidence of their interaction in the nucleus of plant cells
(Chapter 3). This finding suggests that SON1 may assemble an SCFSON1 E3 complex
which will target LNK2 for ubiquitination and subsequent proteasome-based degradation.
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My data provide preliminary evidence that LNK2 is targeted for degradation by the
proteasome and implicates a similar regulation for LNK1 (Chapter 3).
FUTURE DIRECTIONS
The lnk mutant defense phenotypes and clues to the mechanism of LNK1-SON1
interaction during plant defense response: The implication for circadian regulation
Accumulating evidence suggests that the circadian clock aids plant defense by
coordinating the activation of plant defense responses in a diurnal pattern that coincides
with anticipated periods of pathogenic attack. LNK1 and LNK2 have been implicated to
function in the circadian clock. Therefore the altered defense phenotypes in lnk mutant
plants suggest LNKs might affect the circadian clock regulation of plant defense
responses. It was recently demonstrated that the circadian clock modulates plant defense
responses to virulent Hyaloperonospora

arabidopsidis (downy mildew) and

Pseudomonas syringae pathogens through the morning loop transcription factors, CCA1
and LHY, by up regulating the expression of R-genes before dawn (Bhardwaj et al.,
2011; Wang et al., 2011b). LNK1 and LNK2 were reported to dynamically interact with
CCA1 and LHY and RVE8 and function as transcriptional co-activators (Xie et al., 2014;
Xing et al., 2015). It is possible that LNKs contribute to plant defense via the circadian
clock by aiding in regulation of defense genes under CCA1 and LHY control.
Further evidence may implicate LNKs in clock-based defense regulation: Both callose
deposition and ROS production which are integral part of defense signaling have also
been shown to be under clock control (Bhardwaj et al., 2011; Korneli et al., 2014).
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In addition, analysis of LNK promoter: GUS-fusion transgenic lines show that LNK1
and LNK2 are expressed in the guard cells/stomata, and clock-mediated control of
stomatal movement has been implicated in plant defense (Zhang et al., 2013; Korneli et
al., 2014). Thus it is also likely that LNKs, by diurnally regulating genes involved with
stomatal movement, will aid in modulating stomatal movement in response to pathogen
attack or in regulating guard cell opening and closing to minimize invasion and spread of
pathogens that may use the stomata as point of entry or egress. It is therefore imperative
to determine whether LNKs are involved in stomatal defense responses.
Is guard cell closing in response to PAMPs and “defense at dawn” phenomena intact
in lnk mutants?
To prove that LNKs modulate guard cell movement in response to pathogenic attack, it
will be imperative to determine whether stomatal aperture movement in response to
pathogen invasion is disrupted in lnk mutants. The disruption of the circadian clock can
lead to altered defense responses in both animals and plants, and resistance to infection
varies with the time of the day (Yang et al., 2008; Wang et al., 2011a). Wang et al.,
2011, proposed that under the influence of the circadian clock, mRNA of defense-related
genes peaks before dawn and enhances resistance to pathogens in the morning. Other
studies have demonstrated that the circadian clock is involved with priming plants to
anticipate infection, and that defense is strongest at dawn (Bhardwaj et al., 2011; Zhang
et al., 2013; Korneli et al., 2014). This phenomenon of the clock regulating the timing of
plant immune responses to anticipate infection at dawn is termed “defense at dawn”
(Burgess and Searle, 2011).
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Therefore, experiments should be done to examine whether the “defense at dawn”
circadian clock-influenced behavior is compromised in the lnk mutants and LNKcomplemented lines. The response of the lnk mutants and wild type Col-0 to Hpa and
Pseudomonas syringae infection at the subjective morning/dawn and dusk of their
growing environment in continuous light must be compared for at least 48 hours. Such an
experiment will not only provide evidence of whether the “defense at dawn” behavior is
disrupted in lnk plants but will also determine whether the circadian clock is involved.
How might SON1 regulate plant defense though LNK2?
Another question to be answered is how SON1 may be involved in plant defense. From
our observations that lnk mutants have altered defense responses, it is likely that under
normal, uninduced conditions, LNK2, along with LNK1, may function with other
circadian clock components to prime plants for defense responses around the clock. This
may occur by regulating the opening and closing of guard cells or co-regulating the
expression of gene(s) necessary for guard cell movement in response to environmental
stimuli such as light and stress. The clossing of stomatal aperture in response to
pathogenenic stimuli is reduced by either mutation or over-expression the core circadian
regulators, CCA1 and LHY (Melotto et al., 2006; Zhang et al., 2013). Zhang et
al.,(2013). This finding suggestes that impaired clock activity might make plants less
responsive to diurnal control of stomatal aperture and hence more susceptible to stomatal
ingress and egress by pathogens. Because LNK1 and LNK2 actively interact with CCA1
and LHY

to co-activate gene expression and control circadian rhythms, it can be

hypothesized that they function with CCA1

and LHY to regulate opening and
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closing of stoma. Plant pathogens such as P. syrangae have also deviced a means to
inhibit PAMP-induced stomatal closure and re-opening using effector proteins, HopM1
and COR respectively (Melotto et al., 2006; Lozano-Duran et al., 2014). COR is known
to act through MYC2 and NAC transcription factors to re-open stomata (Zheng et al.,
2012). Since LNKs may be involved in regulating genes required for guard cell
movement, it is

possible that they are also targeted for modification by pathogen

effector(s), for example to control stomatal aperture, thereby enhancing their virulence.
We observed thatLNK2 binds to the F-box protein, SON1 and found evidence that SON1
binds to ASK1 (Chapter 1 (Figure) 1 and Chapter 3 (Figure 3). This observations
suggests that SON1 will assemble into a SCF E3 enzyme complex that will target LNK2
for ubiquitination and degradation by the ubiquitin-proteasome pathway.
This ubiquitin-proteasome based degradation of LNK2 may be used to deplete LNK2 to
avoid pathogen-triggered modification of LNK2 to enhance virulence. In such a scenario,
it means that SON1 and an unknown protein modifier would target both LNK2 and
LNK1 for modification or degradation. If this is true it is expected that the absence of
SON1 will lead to modification of LNK2 but not LNK1 by effectors resulting in
activation of resistance. In the same vein the absence of LNK1 or LNK2 will result in
resistance to pathogens that rely heavily on LNKs to enhance virulence.
To test the above hypothesis, it will be necessary to identify and study posttraslational
modifications in LNKs in the presence and absence of pathogenic attack.
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A test to determine whether LNK protein abundance and localization is influenced by
plant defense elicitors like SA and flg22 will also be necessary. Chisholm et al., 2005
suggested that LNK2 has a putative AvrRpt2 cleavage site (Chisholm et al., 2005)
(supplementary data). It would therefore be interesting to determine whether the LNK2
protein is cleaved by the DC3000 AvrRpt2 effector.
The split-YFP assay can be used to detemine if AvrRpt2 and LNK2 interact physically.
Lastly, experiments should be done to determine whether other pathogenic virulence
factors physically interact with LNK1 and LNK2 by using these LNKs as bait in a Y2H
assay to screen DC3000 prey libraries as described (Kim et al., 2002). Such assays will
help determine if LNKs are indeed targets of virulence factors for modification during
pathogen invasion.
What F-box proteins are responsible for LNK protein ubiquitination and
subsequent degradation?
Since LNK2 has been shown to bind to SON1, it is important to confirm that SON1 is
exclusively responsible for LNK2 ubiquitination/modification and degradation and
another F-box protein is responsible for LNK1 degradation. To determine if SON1 is
exclusively responsible for LNK2 degradation, the LNK2 degradation assay should be
done with purified SON1 (putative E3 ligase), along with E1 and E2 ezymes. Also the
abundance of LNK2 protein in the son1-1 mutant should be investigated using LNK2
specific antiserum. Alternatively transgenic son1-2/LNK2pro:LNK2-GFP line may be
used for that study.
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A protein-protein interaction assay such as Y2H using LNK1 as bait or
immunoprecipitation (IP) of LNK1 with anti-LNK1 followed by mass spectrometry can
be used to identify an F-box protein or other protein that may bind to LNK1. If an F-box
protein is detected as a putative LNK1 binding protein, similar experiments as above
should be performed to confirm that the identified F-box protein is responsible for LNK1
ubiquitination and its subseqent proteasomal-degradation.

CONCLUDING REMARKS
We have evidence that LNK2 binds to the F-box protein, SON1. SON1 is implicated in
plant defense regulation, while LNK2 functions alongside LNK1 in the circadian clock as
transcriptional co-activators. In this thesis, I show that the lnk mutants have an altered
defense response, suggesting that the wild-type LNK proteins function in plant defense.
Though it is thought that the gene regulatory function of LNK1 and LNK2 in the
circadian clock will influence defense gene regulation, it is not clear how the SON1LNK2 interaction impacts circadian clock regulation of plant defense responses. As
transcriptional co-activators in the circadian clock, LNK1 and LNK2 protein activity will
have a defined time frame. Thus, the SON1-LNK2 interaction may be required to ensure
LNK2 activity is confined to this time frame, while another F-box protein may modulate
LNK1 protein turnover.
It is therefore important to determine if LNK2 protein abundance is regulated by a
SON1-E3 ligase, and also to perform a protein-protein interaction assay to identify and
determine whether another F-box protein

modulates LNK1 turnover.
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Since the function of LNK2 in plants is better known than that of SON1, the knowledge
of how SON1-LNK2 interaction affects LNK2 function will be imperative to deduce a
function for the SON1 gene.
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